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Growing environmental issues, such as global warming and climate change, primarily triggered 
by fossil-based energy consumption, have long been recognized as an existential crisis to humanity. 
The development of renewable and sustainable energy sources is a way to tackle the environmental 
crisis. As a result, great efforts have been made towards developing alternative energy sources 
during the last few decades, including hydroelectric energy, solar energy, wind energy, tidal power, 
geothermal energy, bioenergy, nuclear power, etc. In principle, these energy sources can be 
converted into electricity and then distributed over the grid. However, being intermittent by nature, 
renewable energies (e.g., sunlight, wind) need to be combined together with energy storage systems 
to ensure continuous and reliable delivery; this is where electrochemical energy storage devices 
(EES) have a crucial role to play. The most commonly used EES systems today are batteries and 
electrochemical capacitors (ECs, also known as supercapacitors). Batteries, one of the dominating 
EES devices in the energy market, can deliver a large amount of energy (> 200 Wh Kg-1) through 
faradaic reactions at electrode materials in contact with an electrolyte, usually along with chemical 
interconversions and phase changes. However, these faradaic reactions show sluggish kinetics, often 
combined with irreversible processes, leading to limited power performance and lifetime.1 On the 
other hand, ECs store the charge at the electrode/electrolyte interface, via non-faradic physical ion 
adsorption/desorption process for electrical double-layer capacitors (EDLCs) or fast and non-
diffusion limited faradaic reactions for pseudocapacitive materials.2-3 These fast and highly 
reversible capacitive energy storage mechanisms of ECs lead to high power performance and long 
cycle life.4 They are nowadays used in a broad range of applications where high power delivery or 
uptake is needed, such as energy harvesting.5-6 However, the limited energy density (~10 Wh kg-1 
for the best commercial devices) still hampers the development of this technology.  
There is a great interest in developing active materials that simultaneously meet the needs of 
high energy (batteries) and high power density (supercapacitors). Pseudocapacitive materials shed 
light on this topic since they deliver higher capacitance compare to EDLCs through faradic reactions 
and higher rate performance compare to batteries owing to their capacitive energy storage 
mechanisms.3 Numerous pseudocapacitive materials have been reported, such as metal oxides, 
conducting polymers, two dimensional (2D) sulfides, and metal carbides (MXenes). 
In this thesis, we have extensively focused on the study of 2D Ti3C2Tx MXene material for 




of the charge storage mechanisms in Ti3C2Tx MXene in aqueous acidic electrolytes and ii) operate 
MXene in non-aqueous electrolyte by tuning the surface chemistry, to improve their  energy density. 
Chapter I starts with the bibliography of EES and covers the basic concepts, classifications, 
operating principles, and key characteristics of materials and devices for EES applications. A focus 
will be made on materials for capacitive storage, including details about the charge storage 
mechanisms in pseudocapacitive materials such as 2D MXene. 
Chapter II  introduces the experimental procedures, list chemicals and detail the 
electrochemical analysis techniques and set-up used in this work. 
Chapter III investigates the pseudocapacitive behaviors of Ti3C2Tx electrodes in various 
aqueous electrolytes through an advanced multiple-step chronoamperometry analysis; this technique 
aims at studying the electrochemical reaction kinetics of a pseudocapacitive electrode by minimizing 
the contribution the ohmic drops. 
In Chapter IV, we will push further our fundamental understanding of the charge storage 
mechanism of Ti3C2Tx MXene in H2SO4 electrolyte, by combining experimental (electrochemical 
measurements, ex situ and in situ techniques) and molecular dynamics simulation works. 
Chapter V presents a new synthesis method to prepare multilayered MXene materials with 
controlled surface functional groups, resulting in enhanced electrochemical performance in non-
aqueous electrolyte.  
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1. Electrochemical energy storage  
1.1 Basic concepts of electrochemical energy storage (EES) systems 
In modern society, rapid population and economic growth demand tremendous energy supply. 
Among energy sources, fossil comprises around 80% of the world’s main energy consumption in 
2018, according to statistics released by the International Energy Agency.1 The environmental crisis 
triggered by fossil consumption has established a crucial threat to human civilizations; therefore, 
there is an urgent need to reduce the dependence on fossil fuel and develop renewable and 
sustainable energy sources. Aside from energy sources, energy storage and distribution technologies 
also play critical roles in the energy supplement. 
Electrochemical energy storage (EES) technologies allow efficient conversion of electrical and 
chemical energy since they share the same carrier, the electron. In principle, electrochemical systems 
normally undergo a more reversible process that offers direct conversion of chemical energy to 
electrical energy (ΔG), while combustion is limited by thermodynamic Carnot cycle considerations. 
Consequently, the efficiency of storing electrical energy in EES is usually larger than that of fuel 
combustion systems.2 With the rapid modernization, EES technology has become an indispensable 
part of our society. 
 
Figure I-1. Components of typical EES cell. Adopted from ref3 
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A schematic illustration of a typical EES cell is presented in Figure I-1. Typically, EES devices 
are composed of two electrodes, a separator, an electrolyte, current collectors and a casing. There 
are two working electrodes, namely negative and positive electrodes, which are made of different 
kinds of active materials, along with binders and conductive additives. Electrodes are usually placed 
on current collectors to flow electrons. An ionically conducting porous separator in-between the 
electrodes prevents direct electrical short circuits and provides channels to electrolytes. The casing 
protects the whole-cell stack.  
The most commonly used EES systems can be classified into batteries, electrochemical 
capacitors (ECs, also called supercapacitors), and hybrid devices (HDs), depending on the charge 
storage mechanisms of the electrode active materials. Generally speaking, there are three main types 
of active materials used for EES devices, including battery-type materials, capacitive materials, and 
pseudocapacitive materials.2 Battery-type materials store the energy through faradaic, redox 
reactions with electrolytes, usually along with chemical conversions and phase changes, providing 
high energy delivery/storage.1 However, as dealing with the bulk of active materials, these battery-
type faradaic reactions undergo sluggish kinetics and irreversible material processes, leading limited 
power performance and lifetime.4 In contrast, capacitive materials store the charge at the 
electrode/electrolyte interface, via a charge separation by physical ion adsorption/desorption process, 
known as electrical double layer capacitance (EDLC). Ideally, EDLC is achieved by a non-faradic 
capacitive process, since no electrotransfer across the interface during the charge accumulations, 
resulting in a linear dependence of the stored charge and changing potential. These fast, surface-
confined and highly reversible storage mechanisms make capacitive materials excellent candidates 
for high power supplement and long cycling life. However, the energy density of capacitive 
materials is often an order of magnitude smaller than battery-type materials. Pseudocapacitive 
materials involve fast, non-diffusion limited redox reactions confined at the surface of the electrode 
material, exhibiting similar electrochemical behaviors of capacitive electrodes.2 Consequently, 
pseudocapacitive materials can charge/discharge much faster than these battery-type materials and 
exhibit higher energy compared to EDLC.5 This kind of active materials offers opportunities to 
achieve higher energy and power performance in the same time. It is worth noting that there is no 
definitive boundary between battery-type and pseudocapacitive materials in some scenarios. For 
instance, LiCoO2 is a typical battery-type material and used as the cathode in battery device; 
however, nanosized LiCoO2 exhibited pseudocapacitive-like electrochemical signatures because of 
the presence of surface defects.6 Indeed, several electrochemical features were proposed to 
distinguished the battery-type and capacitive processes, and this will be discussed in the following 




Battery systems can be classified into primary (non-rechargeable) and secondary batteries 
(rechargeable). Primary batteries are one-time use EES devices since they cannot be recharged back 
after discharged. Many types of primary batteries are commercially used for a long period of time, 
including Leclanché zinc-MnO2, alkaline zinc-MnO2, Mg-AgCl, Mg-PbCl2, Li/SO2, Li/SOCl2, etc. 
The main advantages of primary battery are high energy density, low self-discharge, usually 
inexpensive, and ease of use and maintenance. However, most of the primary batteries have high 
internal resistance, which significantly limits their power performance.7 On the other hand, the 
secondary batteries, also called rechargeable batteries, can be discharged/charged for many times. 
They usually have a higher discharge rate and good low-temperature performance compare to the 
primary battery, although with a lower energy density and higher cost issues. There are many types 
of commercialized rechargeable battery systems available today, such as Pb/acid, Ni/MH, Ni/Cd, 
Li-polymer, Zn/air, Li-ion, and Na-ion, etc. Significant developments have been made in the field 
of secondary battery during the last few decades, especially with the development of Li-ion batteries 
(LIB). The first LIB introduced to the market nearly 40 years ago, and the 2019 Nobel Prize in 
Chemistry was awarded to its inventors (S. Wittingham, J. Goodenough and A. Yoshino). Figure I-
2a gives a schematic representation of the most commonly used LIB device using LiCoO2 or 
LiCoO2-based material as the positive electrode material and graphitic carbon as the negative 
electrode. During the charging/discharging processes, Li+ ions are exchanged between two 
electrodes. LIBs can provide a high energy density up to 300 Wh kg-1; however, these devices suffer 
a relatively low power performance due to the diffusion limitation of Li+ ions and phase change of 
the electrode materials.8  
Capacitive materials are utilized as active materials for ECs. Taking advantage of the 
kinetically-fast charge storage mechanisms, ECs capacitors can provide/deliver high power 
densities.9 A schematic sketch of the EDL capacitor using activated carbon (AC) with a high specific 
surface area (SSA) as the working electrodes is presented in Figure I-2b. Commercial EDLC devices 
available today are mainly made of carbon-based materials, providing high power density and ultra-
long cycling life compared to batteries; however, the energy density (~10 Wh kg-1 for the best 
commercial devices) is still a limitation for the massive development of the technology. 
Pseudocapacitive materials, firstly introduced by Conway in the 1970s, hold the promise to increase 
the energy density of EESs since a much higher capacitance can be obtained thanks to the faradic 
reactions in these materials. Figure I-2c shows a pseudocapacitor design composed of RuO2 
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electrodes in an acidic electrolyte. Redox reactions take place on the electrode outer surface during 
the charging/discharging process, with the absence of any diffusion limitations and phase change, 
resulting in a similar electrochemical signature to EDLCs.2 Beside MnO2 and RuO2, many types of 
pseudocapacitive materials are reported in the last few decades, such as metal oxides (Nb2O5, MoO3, 
etc.), MXenes, transition metal dichalcogenides, etc. To date, the wide-spread commercialization of 
pseudocapacitors has not been realized yet due to some disadvantages, for instance, the cost issue 
of noble metal of RuO2, and the electrolytes for many reported pseudocapacitive materials are 
restricted to aqueous systems with a narrow operating voltage window. 
Differently from batteries, ELDCs, and pseudocapacitors where both electrodes are based on a 
single type of charge storage mechanism, Hybrid Devices (HD) combine a battery-type electrode 
and a capacitive electrode.10 The motivation of these HDs is to provide high energy thanks to the 
presence of the battery-type electrode and high power from the capacitive electrode. An example of 
HDs, also call hybrid capacitor (HC), is presented in Figure I-2d, where battery-type graphite serves 
as a negative electrode allowing Li+ ion intercalation/deintercalation during cycling, while a 
capacitive AC is used as the positive electrode where electrostatic adsorption/desorption of PF6
- take 
place. Other kinds of systems are also reported for HDs, such as utilizing pseudocapacitive materials 
as the anode and Li-ion battery-type materials as the cathode. Recently, few HD products are 
commercially available, offering energy density around 20 Wh kg-1, higher than these EDLCs.11 
However, more efforts still need regarding their power capability and cycling life. 
In order to have a better understanding and assessment of EES systems, the next section focuses 




























Figure I-2. Examples of different EES systems. Schematic representation of (a) a battery using battery-type 
materials, includes an anode of graphite and a cathode of LiCoO2, (b) EDLC using non-faradic capacitive 
activated carbon electrodes, (c) a pseudocapacitor with RuO2 electrodes, and (d) a hybrid system that 
comprises a capacitive activated carbon as the cathode and battery-type graphite as the anode. Adopted from 
ref.10 
 
1.2 Principles and evaluations of EES systems 
The two key characteristics of EES systems are energy and power, where the energy is 
associated with the discharge time of the EES device and the power is linked with the kinetics of the 
charging/discharging processes. For practical applications, specific energy density (energy per unit 
mass or volume) and specific power density (power per unit mass or volume) are two metrics used 
as a comparison among different EES devices. 
 




Figure I-3. Ragone plot showing specific power vs. specific energy for typical EES commercial devices. 
Times shown along the dashed line are the time constants of the devices collected by dividing energy by 
power. Two arrows indicate the goal of EES technologies. Adopted from ref.12. Dashed lines represent zones 
where the cyclability of the device is altered in case of symmetric cycling (same charging and discharging 
rate at 100% depth of discharge). 
 
The Ragone plot presented in Figure I-3 illustrates the gravimetric energy density (in Wh kg-1) 
vs. power density (in W kg-1) in various leading EES technologies, such as ECs, Li-ion batteries, 
Na-ion batteries, lithium-titanate batteries (LTO), and solid-state batteries.12 As previously 
mentioned, batteries can deliver high energy, up to hundreds of Wh kg-1, thus explaining why this 
EES technology now dominates the market and will do so in a long period of time.8 However, as 
shown in Figure I-3, the large time scale in the battery area means that these battery devices typically 
need hours to fully discharge, and the energy densities quickly fade away when increasing the 
discharging rate. Alternatively, ECs provide short-time (tens of seconds) energy delivery and 
harvesting where high power performance is needed, some ELDC-based devices can even fully 
charge/discharge within few seconds, thanks to the electrostatic charge storage mechanisms of their 
electrode materials. However, the poor energy density compares to batteries remain a double-edged 
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sword of ECs devices. The rapid development of portable applications has demanded more 
requirements for EES devices. As a result, how to achieve high energy density and high power 
performance at the same time becomes the key goal for designing the next generation of EES 
technologies.  
It should be noted that the specific energy and power densities presented in Figure I-3 are 
dealing with the EES devices, instead of the single working electrode. Other properties, such as 
capacity, operating voltage, internal resistance, cycling life, and cost, are also important evaluation 
characteristics. In order to accurately evaluate the merits of various EES devices, one should first 













Figure I-4. Schematic illustrations of the typical CV profiles (up) and GCD curves (bottom) characteristics 
of (a and d) a battery, (b and e) a capacitive asymmetric supercapacitor, and (c and f) a hybrid capacitor. 
Adopted from ref13. 
Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) are two commonly used 
electrochemical techniques to investigate the electrochemical behaviors of EES systems. More 
details about these two techniques will be discussed in Chapter II. Figure I-4 shows schematic 
illustrations of the typical CV and GCD curves of a battery, a capacitive asymmetric supercapacitor, 
and a HD, including the signatures of negative (blue) and positive (red) electrodes as well as the 
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whole device (black).13 As shown in Figure I-4a, CV profiles with redox peaks for both anode and 
cathode can be seen in battery systems, as a typical feature of battery-type active materials. The 
black line gives the signature of the full device as a combination of both electrodes, indicating the 
operating voltage of the cell. This operating voltage of the battery can also be assessed from GCD 
curves in Figure I-4d. The potentials of charge/discharge plateaus in GCD curves are consistent with 
the redox peak positions in Figure I-4a. Note that the discharge voltage of a battery is determined 
by the intrinsic redox potential of cathode and anode.14 In short, the redox peaks in CV profile and 
charge/discharge plateaus in GCD curves are the most noticeable electrochemical characteristics of 
battery systems. The amount of energy that can be provided by a battery is defined by the discharge 
voltage and capacity. Differently from batteries, rectangular-shaped CV curves (Figure I-4b) and 
triangular-shaped GCD curves (Figure I-4e) can be observed for ECs, for both electrodes and full 
device, due to the unique charge storage mechanisms of the capacitive electrodes. In this case, the 
energy of ECs is related to the operating voltage window and capacitance. Figure I-4c and f present 
the electrochemical signatures of a hybrid capacitor composed of a battery-type and a capacitive 
material as the positive and negative electrode, respectively. Although the positive electrode 
performs as a battery-type electrode, exhibiting redox peaks in CV profile and charge/discharge 
plateaus in GCD curves, the electrochemical signatures of the full device possess a capacitive-like 
behavior, showing similar CV and GCD profiles similar to the ECs in Figure I-4c and e. This 
indicates the evaluations and comparisons of ECs can also be applied to hybrid capacitors, but one 
should pay extra attention to the comparison about performance characteristics such as capacitance 
values due to slight redox peaks in CVs and non-linear GCD profiles. As a general idea, capacity 
(in Coulomb) should be preferred as the standardized unit versus capacitance (Farad) for 
pseudocapacitive materials, since redox reactions are involved. 




Figure I-5. Charge/discharge profiles of an ideal battery (LIB), an ideal EDLC. The area under the discharge 
profile gives the energy levels of these devices. Adopted from ref15.  
 
The charge/discharge profiles of these three devices are compared in Figure I-5, the area under 
the discharge profile gives the energy level of each device.9 For the discharge process of an ideal 
battery, the voltage falls quickly in the beginning and then shows a plateau where the current flows 
at a nearly constant voltage until the batty reaches the fully discharged state, where the voltage 
declines sharply to the end. In this case, the energy EBat. (Wh) of the battery device is given by: 
𝐸𝐵𝑎𝑡. = 𝑞𝐵𝑉                                                                   (I − 1) 
where qB is the full discharge capacity (A h), and V is the mean discharge voltage (V). The average 




                                                                     (I − 2) 
where tD is the discharge time. 
For EDLC, the discharge voltage decreases linearly with the charge changes in the discharge 




                                                                       (I − 3) 
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where q is the capacity (C) and V is the cell voltage (V). The energy EEC (Wh) is given by the 
equation. Since for an ideal EDLC, the mean discharge voltage is 
𝑉
2




𝑞𝑉                                                                        (I − 4) 





2                                                                  (I − 5) 




                                                                           (I − 6) 





                                                                   (I − 7) 
where Rs is the series resistance (Ω).  
It should be noted that equation I-5 is only valid in the case of a linear discharge profile; 
therefore, it is inappropriate to calculate the energy density of HDs and some pseudocapacitors. 
Instead, the integration of capacity and operating voltage window is preferred to calculated energy 
in these devices. 
The demand for EES technologies will continue to grow, and one of the key challenges is how 
to uptake and deliver large amounts of energy in a fast manner, within minutes or even seconds.16 
Next section we will introduce the state-of-art EES systems with high power capability based on 
capacitive and pseudocapacitive materials. 
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2. Electrochemical energy storage based on capacitive and pseudocapacitive 
materials 
2.1 Electrical double-layer capacitance (EDLC) 
2.1.1 Origin of EDLC 
The charge storage mechanisms of capacitive materials take advantage of the fast and highly 
reversible ion electrostatic adsorption/desorption process, resulting in high power performance and 
long cycling life. According to equation I-4, increasing the operating voltage window and/or cell 
capacitance can offer a direct way to improve the energy density which is the bottleneck of the ECs 
technologies. The cell voltage of EDLCs is limited by the electrochemical stability of the electrolyte, 
as well as the presence of impurities (surface groups) on the carbon electrode. The operating voltage 
in aqueous-based electrolytes being limited to about 1.2 V, because of water electrolysis, non-
aqueous electrolytes are preferentially used since they can provide cell voltage beyond 3 V.17-18 
Basically, the capacitance of capacitive electrodes is controlled by the electrode/electrolyte interface, 
and the fundamental understanding of EDL formation is essential to design better capacitive 
electrodes. 
The first electrical double layer (EDL) model proposed by Helmholtz19 described the charge 
separation at the electrode/electrolyte interface, considering a planar electrode surface. In this model 
(Figure I-6a), the charges accumulated at the electrode surface are balanced by electrostatic 
adsorption from the electrolyte of a counterion monolayer, resulting in two layers of opposite 






                                                                          (I − 8) 
where εr is the relative dielectric constant of the electrolyte which is dimensionless, εo (8.85 10
-12 F 
m-1) is the permittivity of the vacuum, d (m) is the average approaching distance of ions to the 
electrode surface, and A (m2) is the accessible surface area of the electrode. 
Areal capacitance (per cm²) of the Helmholtz layer (CH) can be normalized by εr the electrolyte 
dielectric constant and d the thickness of the Helmholtz layer, both of them depending on the selected 
electrolytes. The Helmholtz model suggests a linear potential drop within the Helmholtz layer. 
However, the surface excess charges of the electrode are unlikely to be entirely counterbalanced by 
the Helmholtz layer, especially in the case of low concentration solutions.18 Also, the counterion 
layer from the electrolyte side cannot be formed as a single static compact layer due to the ion 
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movement from thermal fluctuation. The Gouy-Chapman model20-21, as presented in Figure I-6b, 
includes a diffuse layer between the electrode and bulk electrolyte to take into account the thermal 
fluctuation according to the Poisson-Boltzmann equation.2 The ion distribution of the diffuse layer 
highly depends on the distance since the electrostatic attractions decrease from the electrode surface 
to the electrolyte bulk. The average thickness of the diffuse layer (also called Debye length, λD) for 




                                                              (I − 9) 
where ε0 and εr are respectively the vacuum dielectric constant (in F m
-1) and the relative permittivity 
of the electrolyte (dimensionless), R is the ideal gas constant ( J mol-1), T is the absolute temperature 
(K), F is the Faraday constant (C mol-1) and Co is the bulk electrolyte concentration (mol m
-3). 








)                                                    (I − 10) 
where ф is the electrical potential (in Volt); F, the Faraday constant (in C.mol-1); R, the ideal gas 
constant (in J mol-1); T, the temperature (in K); ε0 and εr, respectively the vacuum dielectric constant 
(in F m-1). According to equation I-10, the differential capacitance CD (in F cm
-2) of the Gouy-
Chapman model is then no longer constant. Instead, the model predicts a kind of “U” shape of the 
differential capacitance with the electrode potential, which is in accordance with the experimental 
results observed using NaF solutions in contact with Hg in low concentration solutions.22 Also, the 
capacitances experimentally measured (few tens of μF cm-2 in aqueous electrolytes, for instance) 
were far below those predicted from the model (few hundreds of μF cm-2).23 Indeed, one major flaw 
of the Gouy-Chapman model is to consider point charges which can virtually approach the surface 
at zero distance leading to an infinite capacitance. To address these issues, Stern modified the Gouy-
Chapman model by considering an actual size for ions which lead to an additional compact layer 
(Stern layer) in series with the diffuse layer (Figure I-6c);24 the compact layer is identical with the 
Helmholtz layer from the physics point of view, which thickness is xH (in m). The EDL capacitance 

















                              (I − 11) 
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where CH and CD are the capacitance of Stern (Helmholtz) layer and of the diffuse layer, respectively 
(both in F m-2). The total EDL capacitance is governed by the smallest capacitance between CH and 
CD. In highly concentrated electrolytes, the diffuse layer thickness (λD) drops to zero so that the 
Helmholtz capacitance (CH) is the only one to be considered. The Gouy-Chapman-Stern model was 
indeed a milestone that depicted a more realistic gross feature of EDL, which is close to some 
experimental observations. However, this model still suffers from some limitations. For instance, it 
does not take into account the effects of ion-ion correlation, which are important, especially in 
solvent-free ionic liquid systems.18, 25 Besides, some chemical interactions between the electrode 
surface and species from the electrolyte, also known as specific adsorption, may also impact the 
EDL formation.23 Moreover, previous literature suggested that considering a linear potential drop 
within the compact layer was inappropriate in case of high electrode polarization in high 
concentration electrolytes.18, 26 However, the Gouy-Chapman-Stern model provided a constructive 
and predictive interpretation of EDL that had led the devolvement of the EDLC field over decades.  
 
 




Figure. I-6. Schematic diagrams of EDL models based on the positive polarized (𝜙𝐸) 2D electrodes in an 
electrolyte with solvent: (a) Helmholtz model (b) Gouy-Chapman model, and (c) Gouy-Chapman-Stern 
model. The dash lines indicate the potential drops (𝜙) in each model. Bottom insets present the simplified 
equivalent circuits. DEL formation of ionic liquid electrolytes by a simple phenomenological theory: (d) 
Overscreening effect at a moderate voltage, 𝑉 = 10𝑘𝐵𝑇 ∕ 𝑒 (0.26 V) and (e) Crowding effect at a high 
voltage, 𝑉 = 100𝑘𝐵𝑇 ∕ 𝑒 (2.6 V). d and e adopted from ref.
27  
 
The EDL formation at planar electrodes in solvent-free ionic liquid electrolytes deviates from 
predictions of classical models based on dilute-solution approximation.25 Unlike solvent-containing 
electrolytes, the absence of solvent molecules for screening the charge between cations and anions 
in ionic liquids results in strong ion-ion correlations. The orientations and rearrangements of non-
spherical shaped ion chains triggered by the polarization and complex force fields make it even more 
difficult to depict the electrode/ionic liquid interface structure.18 Kornyshev predicted the existence 
of differential capacitances-potential curve with bell-like and camel-like shapes based on mean-field 
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theory25, which were further confirmed by experimental and simulation studies.28-32 For potential 
below the potential of zero charge (PZC) range, an over-screening effect is proposed due to the ion-
ion correlations (see Figure I-6d), leading to the formation of a first counterion layer with an excess 
charge compared to the electrode. For even larger polarization below PZC, a crowding effect is 
predicted at a higher voltage (vs. PZC), when the increased polarization suppresses the over-
screening and leads to counterions approaching the inner layer (Figure I-6e).25, 27 On a flat electrode, 
the global view is now that EDL is formed by stacking of multilayers of ions, as evidenced from 
both experimental and modeling observations.30, 32-33 Monolayered interfacial structures34-35 and a 
controversial dilute electrolyte-like picture36 also have been proposed. Using molecular dynamics 
simulation based on coarse-grained models, Kirchner et al. suggested a structural transition from 
multiple alternating layers of counter- and co-ions to a surface-frozen monolayer of counterions at 
certain charge densities.37  
According to the Gouy-Chapman-Stern model, the double layer capacitance (CDL) is 
proportional to the EDL surface area, which has been triggering tremendous efforts to increase the 
EDLC performance by increasing the SSA of carbon materials. Initial research on activated carbon 
was then directed towards increasing the pore volume by developing high SSA and refining the 
activation process. However, it was quickly established that the gravimetric capacitance of activated 
carbons was limited even for the most porous samples exhibiting a very high SSA.38-41 As pointed 
out by Ruoff et al., the area-normalized capacitance of various porous carbon-based electrodes 
decreased to 4-5 μF cm-2 for  SSA larger than 1500 m2 g-1.42 Barbieri et al. has attributed this 
capacitance saturation at ultrahigh SSA to a space charge capacitance, which originating from a 
space charge gradient layer on the electrode side.41 Additionally, the presence of micropores was 
considered to be mainly at the origin of the capacitance limitation. Specifically, the narrow sub-
nanometer size micropores in porous carbons were believed too small in size to accommodate the 
electrolyte ions, which excluded any EDL contribution from these non-accessible pores; such ion 
sieving effect was previously suggested as another explanation.43-45 As a result, no direct clear trend 
could be established between SSA and capacitance. 
There was a long-held axiom stating that carbon pore size larger than the solvated ion size was 
needed so that pores could be accessible to the electrolyte ions.39 In other words, porous carbon with 
a pore size smaller than the solvated electrolyte ions does not contribute to EDL capacitance and 
thus was considered useless. Taking into account the commonly used electrolytes, the sizes of bare 
ions and ions with solvation shells vary from few to tens of Å. For instance, the size of bare 
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tetraethylammonium cation is around 0.68 nm, and its solvation shell in acetonitrile (ACN) increases 
the size of the solvated ion to 1.3 nm. Under this circumstance, large micropore and mesopore 
carbons were thought to be the most suitable candidates for allowing a high capacitance. 
However, several groups reported high capacitance by using microporous carbons with sub-
nanometer pores in various electrolyte systems.46-49 Taking advantage of the tunable pore structure 
of CDCs, Chmiola et al. reported high gravimetric and volumetric capacitance for CDCs pore size 
below 1 nm.46 The specific gravimetric capacitance normalized by BET SSA (C/SBET) obtained from 
Ar gas sorption (see Figure I-7a) revealed a capacitance increase for carbon pore size smaller than 
1 nm. In addition, DFT SSA-normalized capacitance was also calculated and the same capacitance 
increase was obtained (Figure I-7b), which indicated that the underestimation of SSA of 
microporous carbons by the BET model was not the cause of the increasing trend of C/SBET.
46 
Raymundo-Pinero et al. reported a similar capacitance increase trend using microporous ACs in 
both aqueous and non-aqueous electrolytes. They suggested that pore filling was more efficient for 
EDL formation when the pore size is around 0.7 nm in aqueous and 0.8 nm in organic electrolytes, 
respectively.47 The EDL capacitance increase in sub-nanometer pores was defying the traditional 
views of ion adsorption and EDL formation in carbon electrodes.50 Partial ion desolvation was 
proposed to explain the enhanced capacitance in sub-nanometer pores: thanks to the distortion of 
the solvation when entering nanosized pores, the ions could get closer to the carbon walls so that the 
d in equation (I-8) is decreased (Figure I-7c), confirming previous experimental observations made 
on nanoporous carbons under polarization.44, 51-52 Later on, by monitoring the potential change of 
each electrode of a symmetric system using a third silver quasi-reference electrode, Chimiola et al 
measured a different EDL capacitance behavior at the negative and positive electrode,53 which 

























Figure I-7. Plots of specific capacitance normalized by SSA vs. average pore size obtained from for various 
CDCs electrodes in 1.5M TEABF4 in ACN (a) and (b), and in EMITFSI ionic liquid (d). Please note: SSA 
obtained from BET method for (a) and (d), and DFT method (b). (c) Plots of normalized capacitance vs. the 
average distance from the charge ion center to the pore wall of various CDCs. (a), (b), and (c) are reproduced 
from ref46, (d) is reproduced from ref54. 
 
All the sets of results make this ion desolvation a universal phenomenon for virtually all 
nanoporous carbons because of the pore size dispersion and presence of ultranarrow (sub-nanometer) 
pores.55 However, because of the presence of the solvation shell that affects the effective ion size, it 
was not clear whether an optimum pore size could be achieved to maximize the capacitance. To this 
end, CDCs with various controlled pore sizes and PSD were characterized in the solvent-free 
electrolyte, ethyl-methylimidazolium-bis(trifluoromethane-sulfonyl)imide (EMITFSI).54 Solvent-
free electrolytes rule out the solvation effect, and EMI+ and TFSI- have similar ion sizes (0.79 and 
0.76 nm in the longest dimension for TFSI and EMI ions, respectively).53-54 Figure I-7d shows the 
change of the normalized capacitance of various CDC electrodes vs. pore size, in EMITFSI 
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electrolyte. The same trend was also reported for the change of the specific gravimetric and 
volumetric capacitance vs. the carbon pore size. The capacitance reaches a maximum when the ion 
size is close to the carbon mean pore size. This result was a major finding since i) it shows that high 
capacitance could be achieved when ion was confined in pores of the same dimension, and ii) it 
evidences that the conventional way to describe the EDL formation using the Gouy-Chapman model 
in these confined nanopores was not anymore valid. This has led to an important work from both 
experimental and modeling point of view to explain this behavior. 
 
Figure I-8. Schematic illustrations (top views) of (a) an electric double-cylinder capacitor based on 
mesopores and (b) an electric wire-in-cylinder capacitor based on micropores. Reprinted from ref57. 
Schematic illustrations of (c) cross-section of an exohedral capacitor, and (d) steric views of 0D spheres (top) 
and 1D tubes (down) with counterions approaching the outer surface, respectively. Reproduced from ref58. 
 
EDL models based on a 2D planar electrode were insufficient to describe the EDL formation 
in carbon nanopores since these 2D models do not take into account curvature and porous effects. 
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Nanoporous carbons can exhibit various shape of pores, including endohedral (cylindrical, slit, and 
spherical) and exohedral pores between the carbon nanoparticles (CNTs, OLCs).56 Depending on 
different pore shapes, the models of endohedral capacitor - when the electrolyte ions enter inside of 
the pores (see Figure I-8a and b) - and exohedral capacitor - ions located on the outer surfaces of 
carbons (See Figure I-8c and d) - were proposed.56 
Huang et al. proposed the first simple, heuristic model for nanoporous carbon-based 
supercapacitors which include endohedral pore curvatures.57, 59 They first considered a cylindrical 
mesopore shape, where the solvated ions could enter under polarization and approach the pore walls 
to form electric double-cylinder capacitors (EDCCs). Figure I-8a shows the schematic of the EDCC 





                                                               (I − 12) 
where L is the pore length, and b (nm) and a (nm) are the radii of the outer and inner cylinders, 
respectively.  









                                                        (I − 13) 
where d (nm) can be viewed as the distance between the center of counterions and the carbon walls. 
When the pore size was reduced from mesopores to micropores, the limited space inside of 
micropores does not allow to form a double cylinder; instead, the electric wire-in-cylinder-capacitors 
(EWCCs) was proposed by Huang et al. when assuming a cylindrical micropore filled with solvated 









                                                             (I − 14) 
where b (nm) is the micropore radius, and a0 (nm) the radius of the inner cylinder formed by the 
counterions. Note that both d from equation (I-13) and a0 from equation (I-14) is approximately 
independent of pore size; instead, their values are related to the effective size of the counterions.57 
The EDCC/EWCC model can be further extended to porous carbons with bimodal porous 
distribution, which exhibit relatively narrow pore size distributions of micropores and mesopores 
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                              (I − 15) 
The EDCC/EWCC model was based on two assumptions, that i) the total charges of the carbon 
wall can be screened by the counterions inside of the cylinder pore and ii) the space charge 
capacitance of the carbon walls can be neglected owing to the high conductivity of carbon 
materials.56 Equations I-13 and I-14 indicate that the surface normalized capacitance depends on 
both the pore sizes of the nanoporous carbon and electrolyte ion size. The linear C vs. A relationship 
suggested by the classical 2D model is not expected in the present EDCC/EWCC model, because of 
the curvature effects.  
Exohedral capacitors can be formed on the outer surface of exohedral carbons. Figure I-8c gives 
the schematic illustration of a negatively charged exohedral capacitor, such as expected from the 
EDL charge of 0D OLCs and 1D CNTs (Figure I-8d).58 For 0D OLCs, solvated counterions 
accumulate on the outer spherical surface under the polarization to form an exohedral electric 
double-sphere capacitor (xEDSC). In the case of 1D CNTs, an exohedral electric double-cylinder 
capacitor (xEDCC) of solvated counterions was formed between the solvated counterions and 














                                                                 (I − 17) 
where a (nm) is the radius of the inner sphere/cylinder charge layer, related to the carbon particle 
size, and b (nm) is the radius of the outer sphere/cylinder charge layer, d (nm) is the effective double-
layer thickness; d being the difference between the outer and the inner diameter.  
Reasonable prediction can then be made using these simple xEDCC and xEDSC models. 
However, they consider the electrode charge to be entirely screened by a single layer of counterions 
on the carbon surface so that the electrolyte contribution to the EDL beyond the counterion single 
layer is negligible. This situation is unlikely to occur in solvent-free ionic liquid electrolytes where 
an overscreening effect arises due to the strong ion-ion correlations in such concentrated 
electrolyte25 leading to the formation of extra layers of counterion/co-ions, and improved models 
were proposed.60  
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2.1.2 Carbon materials for electrical double-layer capacitors 
Currently, carbon materials are widely used as EDLCs electrode materials. First, extremely 
high specific surface area (beyond 2,000 m2 g-1), as well as tunable average pore size and pore size 
distribution, can be achieved using various processes, including activation, carbonization, etc.50 
Carbon materials also have excellent electrochemical stability in both aqueous and non-aqueous 
systems. The operating voltage windows of carbon-based EDLCs were usually limited by the 
decomposition potential of electrolytes instead of the carbon electrodes. Their electrical conductivity 
allows for a limited ohmic drop during electrochemical polarization. Finally, it can be prepared from 
low cost, abundant bio-sourced precursors using cheap processes.61 
Various kinds of carbon materials with several dimensionalities can be used for EDLC 
applications, from 0-dimensional (0D) non-porous carbon onions to 1D (carbon nanotubes and 
carbon fibers), 2D (graphene), and 3D porous carbons (activated carbons, templated carbons, 
carbide-derived carbons). A few examples of various carbons used in EDLCs are summarized in 
Table I-1. 
Activated carbons (ACs) are amorphous porous carbons containing mainly sp2 carbon atoms. 
They are prepared from physical (thermal) and/or chemical activation of various types of natural or 
synthetic organic precursors.61 Thanks to their relatively good electrical properties and high SSA, 
and especially the low cost comparing to other carbon materials, ACs have been widely used as 
supercapacitors electrode materials. AC based supercapacitors show a long cycle life span (> 106 
cycles), making ACs the best option as supercapacitor electrodes in commercial devices. The 
electrochemical performances of ACs based electrodes have been significantly improved during past 
years, exceeding 200 F g-1 in nonaqueous based electrolytes.38,40,62-63 In aqueous electrolytes, ACs 
electrodes enable to deliver capacitance ranging from 100 to 300 F g-1 depending on the pore size 
distribution and surface chemistry; but the penalty is the low energy density associated with the 
limited voltage window. 64  
Carbide-derived carbons (CDCs) are model materials produced by selective etching of metals 
from various metal carbides.65 CDCs offer the key advantage to fine-tune their pore size (below 2 
nm) and pore size distribution by adjusting the synthesis parameters such as temperature and time; 
the carbon structures and particle size are defined by the carbide precursors.66 TiC-CDCs show a 
specific capacitance value of 160 F g-1 was reported in ionic liquid, as well as a high volumetric 
capacitance of 85 F cm-3, higher than standard ACs at that time.54 Later on, several approaches have 
been proposed to design CDCs with high EDL capacitance and high-rate performance, including 
Chapter I Bibliography 
26 
 
reducing the CDC particle size67 and adding mesopores.68-69 Interestingly, CDCs have moved into 
real products since they are now used in commercial EDLCs.70 
Templated carbons (TCs) are obtained by templated-assisted carbonization of carbon 
precursors and subsequent removal of the templates. This approach leads to carbon materials with 
precise control of the pore size in the mesopore range, which is with great significance for electrode 
materials of supercapacitors.71 Pore structures of TCs can be controlled by using two kinds of 
templates, namely hard template (such as zeolites, mesoporous silicas, and metal oxides) and soft 
template (such as metal-organic frameworks and block copolymer surfactants).72 Numerous 
publications based on TCs have been published during the last decade, here we example a few. 
Zeolite templated carbons (ZTC) produced by acetylene CVD can achieve high capacitance of 140 
to 190 F g-1 (70 to 85 F cm-3) in the organic-based electrolytes.73-74 Such materials are interesting 
for conducting basic studies of ions transfer and adsorption in nanopores. However, the commercial 
development is limited by the cost of production.  
Carbon onions, also called onion-like carbons (OLCs), are spherical or polyhedral carbon 
nanoparticles, consisting of concentric defective sp2-hybridized carbon multiple shells, with a small 
size around a few tens of nanometer. Since OLC particles are non-porous, they exhibit limited 
external SSA of 300-600 m2 g-1, together with high interparticle pore volume around 1 cm3 g-1.75 
The pore structure of OLCs electrode consists predominantly in meso- and macropores existing 
between the OLCs particles. However, being non-porous particles, the whole surface is highly 
accessible to electrolyte ions. As a result, OLCs-based electrodes can achieve limited capacitance of 
50 F g-1,76,77 with an excellent power ability due to high accessible external surface area. In summary, 
OLCs are not good candidates to increase the capacitance of EDLC electrodes but can deliver high 
power.78-79 Besides, OLCs with a particle size around 10 nm are also employed as conductive 
additives for the EDLCs.80  
Carbon nanotubes (CNTs) are large cylindrical carbon material consisting of a hexagonal 
arrangement of sp2 hybridized carbon atoms, which are formed by rolling up a single sheet of 
graphene (single-walled carbon nanotubes, SWCNTs) or by rolling up multiple sheets of graphene 
(multiwalled carbon nanotubes, MWCNTs).81 To date, the commonly used synthesis techniques for 
CNTs are arc discharge, laser ablation, and chemical vapor deposition (CVD).82 SSA of CNTs 
ranges from 100 to 1000 m2 g-1.83 Similar to OLCs, the external surface of CNTs can be used to 
form exohedral capacitors, leading to moderate capacitance below 100 F g-1.66 However, the highly 
accessible external surface and excellent electric conductivity make CNTs suitable candidates for 
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high power devices,66 even under extreme climatic conditions.79  
Graphene, one of the most studied two-dimensional material, can be synthesized by (1) 
“bottom-up” approaches, such as CVD, epitaxial growth and chemical synthesis, and (2) “top-down” 
methods, including the micromechanical and liquid-phase exfoliation of graphite and the reduction 
of graphene oxide (rGO).84 A single graphene sheet has a high theoretical SSA of 2,630 m2 g-1 and 
high intrinsic capacitance about 21 μF cm-2.85-86 However, these excellent properties at single-layer 
graphene scale do not translate at a large macroscopic scale due to the restacking issue.84 In order to 
enhance the performance of graphene-based EDLCs, extensive efforts have been made to address 
such restacking issue. One promising approach is to pre-insert molecules between the graphene 
layers or building 3D structures based on 2D rGO.87-88 For example, porous holey graphene (HGF) 
material showed an impressive capacitance beyond 200 F g-1 and high gravimetric and volumetric 
stack energy densities89 thanks to the creation of 3D ionic pathways; but the synthesis process has 
to be carefully controlled to prepare porous graphene with suitable structure and surface composition. 
In summary, graphene and graphene-based materials show some interesting performance at the lab 
level, but the cost issue and the lack of techniques for industrial-scale high-quality graphene 
electrode production still hamper their commercial development.  
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Table I-1. Examples of carbon materials for EDLCs. a) B and D represent SSA obtained from BET and DFT 
methods, respectively. b) g and v give the specific gravimetric and volumetric capacitance, respectively. 





Cg (F g-1) 






cg (F g-1) 




F SC 2315 (B) 
TEAMS 
(1.7) 125 (g) 2 
10 mA 





EMIBF4 256 (g) 2.3 
1 mV s-1  
(2el) 
150 (g)  









1 mV s-1  
(2el) 
173 (g)  
100 mV s-1 
62 
B-AC 2841 (B) 
KOH 
(2) 
330 (g) 1 
1 A g-1  
(3el) 
238 (g)  
10 A g-1 
64 
CDCs 




5 mA cm-2  
(2el) 
128 (g)  
100 mA cm-2 
46 




5 mA cm-2  
(2el) 
- 54 
OM-CDC 2364 (B) H2SO4 (1) 188 (g) 0.6 
0.1 A g-1  
(2el) 
140 (g)  
20 A g-1 
69 
Mesoporo
us-CDC 2250 (B) 
TEA BF4 
(1) 170 (g) 2 
0.1 A g-1  
(2el) 
150 (g)  
17 A g-1 
68 
TCs 
ZTC 2940 (B) TEA BF4 (1) 168 (g) 2 
0.05 A g-1  
(3el) 
153 (g)  
2 A g-1 
73 
ZTC-L 2910 (B) TEABF4 (1) 75 (v) 2 
1 A g-1  
(3el) 
60 (v)  
20 A g-1 
74 
MCNAs 1266 (B) TEABF4 (1) 152 (g) 2.5 
5 mV s-1  
(2el) 
- 90 
Z-900 1075 (B) H2SO4 (0.5) 214 (g) 1.2 
5 mV s-1  
(3el) 
115 (g)  
100 mV s-1 
91 
OCLs 
ND-1200 500 (B) TEABF4 (1.5) 38 (g) 2.3 
5 mA cm-2  
(2el) 
30 (g)  






TEABF4 (1) 20 (g) 2.7 
1 mV s-1  
(2el) 
18 (g)  
1 V s-1 
92 
CNTs MWCNT 200 (B) TEABF4 (1.5) 18 (g) 2.3 
5 mA cm-2  
(2el) 
16 (g)  








1.4 A g-1  
(2el) 
164 (g)  
5.7 A g-1 
88 






1 A g-1  
(2el) 
190 (g)  
20 A g-1 
89 
EM-CCG 167 (B) 
EMIBF4 
(1) 
167 (g) 3.5 
1 A g-1  
(2el) 
135 (g)  
10 A g-1 
87 
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2.2 Pseudocapacitance and pseudocapacitive materials 
As we outlined, EES based on battery-type materials usually exhibits high energy density with 
a limited power supply, while devices using capacitive materials can provide high power density but 
with a lower energy density. As indicates in Figure I-9, pseudocapacitive materials could offer 
potential opportunities to achieve high energy and power density at the same time, thus fill the gap 
between EDLCs and batteries. 
 
Figure I-9. Specific energy vs. charging time for a Li-ion battery and an EDLC. The grey region represents 
the opportunity for high-rate pseudocapacitive materials in the time domain of 10 s to 10 minutes. Adopted 
from ref.16 
 
2.2.1 Development of Pseudocapacitance 
A close look at the nomenclature of “pseudocapacitance” would be helpful in understanding 
this kind of active material. The term “pseudo” can be interpreted as “almost, approaching” or “looks 
like,” meaning that the “pseudocapacitance” describes the properties of an electrode that exhibits a 
similar electrochemical signature of a capacitive electrode (EDLC, for instance) but lying on faradic 
redox reactions.93 Note that the key difference that distinguishes pseudocapacitive from capacitive 
is that the pseudocapacitive process involves charge transfer reactions while the capacitive process 
in the EDLC is supposed to be purely electrostatic. We will introduce a few seminal works that help 
define the pseudocapacitance in the following content.  
The theoretical conceptualization of pseudocapacitance was first introduced by Conway et al. 
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to investigate the electrochemical surface adsorption reactions involving rapid charge transfer in the 
early1960s.2 The capacitance of the electrochemical adsorption/desorption process of H atoms on Pt 
surface was then interpreted as pseudocapacitance, originated from the reaction: 
Pt + H+ + e- ↔ Pt-Hads                                                       (I-18) 
By assuming a random distribution of H adsorption on the Pt surface which following the Langmuir 
adsorption isotherm, the Nernst relationship of I-18 can be given as a function of the fractional 
surface coverage (θ)6: 








)                                        (I − 19) 
where E and Eo is respectively the equilibrium and standard potential (V) of the redox reaction, R is 
the ideal gas constant ( J mol-1), T is the temperature (K), F is the Faraday constant (C mol-1), kR is 
the reaction rate constant, and CH is the concentration of H
+ in the electrolytes (mol L-1). If we 
assume the charge q corresponding to a complete monolayer coverage of H, the pseudocapacitance 
CФ then is defined by
6: 






𝜃(1 − 𝜃)                                              (I − 20) 
About a decade later, a thin RuO2 film electrode was studied in the acidic electrolyte by Trasatti 
et al. and a capacitive-like rectangular CV profile (Figure I-10a) was recorded in this faradic reaction 
involving the oxidation states change of Ru94: 
RuO2 + xH
+ + xe- ↔ RuO2-x(OH)x                                   (I-21) 
The unique electrochemical signature of the RuO2 electrode was interpreted as a pseudocapacitive 
process. The follow-up works further enhanced the electrochemical performance of the RuO2 
electrode by control the structural water, leading to a high capacitance value of 700 F g-1 in a voltage 
window of 1 V (corresponding to a capacity of 200 mAh g-1), way exceeding the EDLC performance 
based on carbon materials.95 Although the high-cost issue hindered the marketing efforts of RuO2 
materials, the electrochemical studies of the RuO2 electrode opened a new chapter for the 
pseudocapacitive materials. Later on, another abundant and low-cost transition metal oxides MnO2 
was reported by Goodenough et al., a specific capacitance about 200 F g-1 with an operating voltage 
window of 1.2 V (around 67 mAh g-1) was obtained in aqueous KCl electrolyte.96 More importantly, 
this amorphous hydrated MnO2 possessed an electrochemical signature (see Figure I-10b) of 
pseudocapacitive behavior similar to earlier reported RuO2 electrode. For a long period of time, 
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RuO2 and MnO2 materials dominated the pseudocapacitance filed and, used as model materials, 
contributed to the fundamental understanding of the pseudocapacitive process. Indeed, these two 
types of materials shared the same charge storage mechanisms: the redox reactions at the origin of 
the pseudocapacitance take place in the surface and/or near-surface of active materials,2 leading to 
the rectangle-shaped CV profiles (Figure 1-10). The pseudocapacitance C (F) can be obtained from 




                                                                         (I − 22) 









Figure I-10. CV profiles of (a) RuO2 film in 1 M HClO4 at a scan rate of 40 mV s-1,94 and (b) MnO2 electrode 
in 1 M KCl at a scan rate of 5 mV s-1.96 
 
In battery-type materials, the electrochemical kinetics are usually limited by solid-state ion 
diffusion (Li+, for instance) and phase transformations. However, these two features are not present 
in the case of surface adsorption and redox pseudocapacitance, since the electrochemical 
pseudocapacitive process takes place on the surface or near-surface. However, for some transition 
metal oxides, the intercalation of Li+ does not always result in a phase transition of the host materials, 
and this process is not necessarily limited by solid-state diffusion. Zukalová et al. tested a phase-
pure Ti2O(B) with microfibrous morphology in Li-ion contained organic electrolyte, reporting that 
Ti2O(B) phase can provide parallel channels for high rate Li
+ intercalation with the absence of 
diffusion-limitation in a certain time scale (~10 min), claiming a pseudocapacitive process.97 In this 
case, non-rectangle shaped CV curves with sharp redox peaks were observed, which were different 
from the CV profiles of conventional surface pseudocapacitive materials. Nevertheless, this work 
suggested that the charge can be stored through a pseudocapacitive Li+ intercalation/deintercalation 
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process in nonaqueous electrolytes. Later, the intercalation pseudocapacitance raised from Li+ 
intercalation was also reported by Dunn et al. using a mesoporous film electrode made of iso-
oriented α-MoO3 material.
98 The layer structure of α-MoO3 allows a rapid Li
+ insertion into the van 
der Waals gaps, resulting in a high level of pseudocapacitive charge storage. A similar intercalation 
pseudocapacitance was also achieved in T-Nb2O5 material with an orthorhombic phase, where a 
capacity up to 124 mAh g-1 was obtained with a charging time of 3 minutes in a Li-ion contained 
organic electrolyte.99 The CV profiles of the T-Nb2O5 film electrode were presented in Figure I-11, 
the electrochemical signature at a higher scan rate of 50 mV s-1 (corresponding to a discharging time 
of 40 s) was identical to the low scan rate of 2 mV s-1, indicating an excellent high-rate capability. 
An electrochemical kinetic study of a 40 μm-thick T-Nb2O5 electrode further demonstrated that there 
are no diffusion limitations of this Li+ intercalation at the time scale of few tens of seconds, 
confirming the pseudocapacitive charge storage mechanism.100 
 
Figure I-11. CV profiles of T-Nb2O5 film electrode at a scan rate of 2 and 50 mV S-1 in nonaqueous Li+ 
contained electrolyte.99  
 
The seminal works of TiO2(B), α-MoO3, and T-Nb2O5 clearly demonstrated that the 
pseudocapacitance can be achieved by pseudocapacitive charge storage via Li-ion intercalation. This 
kind of intercalation pseudocapacitance, together with adsorption pseudocapacitance and surface 
redox pseudocapacitance is among three main types of pseudocapacitance, as summarized in Figure 
I-12.6 The Nernst relationship of these faradic pseudocapacitive processes is given10: 






)                                                (I − 23) 
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where X represents (1) the fractional surface coverage in adsorption pseudocapacitance, (2) surface 
concentrations of reduced or oxidized spices in redox pseudocapacitance, and (3) occupancy of the 














Figure I-12. Illustrations of the three types of pseudocapacitance (a-c) and their corresponding CV profiles 
and reactions (d-f): (a) adsorption pseudocapacitance, (b) redox pseudocapacitance and (c) intercalation 
pseudocapacitance. CV profiles of (d) a Pt (110) surface in 0.1 M aqueous HClO4, (e) RuO2·0.5H2O in 0.5 
M aqueous H2SO4, and (f) T-Nb2O5 in a nonaqueous Li+ electrolyte. Adopted from6.  
 
In addition to the aforementioned pseudocapacitive processes, several conventional battery-
type materials also exhibit capacitive-like electrochemical signatures when these materials were 
nanostructured.16 A typical example was the nanosized LiCoO2 materials.
101 Bulk LiCoO2 is one of 
the first reported cathode materials for batteries, its electrochemical process was limited by a solid-
state diffusion of Li+, with a discharge voltage plateau around 3.9 V (vs. Li+/Li). When the particle 
size was reduced to less than 20 nm, the diffusion length of Li+ was significantly shortened, leading 
to a short ion diffusion time. And nanostructured particles can exposure a large fraction of the active 
sites at the interface of electrode/electrolytes. As a result, the LiCoO2 with a particle size of 6 nm 
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displayed a nearly linear discharge GCD curve, which as we pointed out above, a typical capacitive 
electrochemical signature.101 Following this kind of size-dependent discharge behavior, a concept 
of “extrinsic” and “intrinsic” pseudocapacitance was proposed by Simon et al.16,100 As presented in 
Figure I-13a, if the diffusion limitation in the bulk battery-type materials could be lifted by certain 
approaches (such as reduced the particle size of LiCoO2 in ref.101), the resulted pseudocapacitance 
can then be interpreted as extrinsic pseudocapacitance. Another typical example of extrinsic 
pseudocapacitance can be found in a recent work reported by Kim et al., they demonstrated 
pseudocapacitive charge storage of α-MoO3 electrode achieved by the introduction of oxygen 
vacancies.102 On the other hand, the intrinsic pseudocapacitance refers to these materials that display 













Figure I-13. Schematic representations and corresponding CV curves of extrinsic and intrinsic 
pseudocapacitance. Electrochemical responses that appear to be pseudocapacitive in a thin film or with 
nanostructuring but become diffusion-controlled in bulk particle electrodes are classified as (a) extrinsic 
pseudocapacitance. (b) Intrinsic pseudocapacitance shows no diffusion limitation in both thin-film and bulk 
particle electrodes due to fast ion diffusion. Adopted from ref6. 
 
During the last decade, a significantly growing number of studies have been reported in the 
pseudocapacitive filed. However, some of these materials were misinterpreted as “pseudocapacitive” 
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materials because they exhibited electrochemical signatures that belong to battery-type materials, 
leading to unrealistic and meaningless high capacitance values.93 Indeed, it is very important to 
distinguish pseudocapacitive behavior from battery-type behavior. We have mentioned above in 
section 1 the general electrochemical signatures of CV and GCD curves that belong to 
pseudocapacitive materials. In addition, electrochemical techniques can also help to understand the 
pseudocapacitive process. For instance, there is a power-law relationship can be used to kinetically 
analyze whether the electrochemical process is limited by semi-infinite solid-state diffusion from 
CV experiment103: 
𝑖 = 𝑎𝑣𝑏                                                                 (I − 24) 
where v is the scan rate and i is responding current, a and b are adjustable parameters. The b value 
is also called the power-law exponent and can be calculated from i-v relationships over a range of 
scan rates: 
𝑙𝑜𝑔𝑖 = 𝑙𝑜𝑔𝑎 + 𝑏𝑙𝑜𝑔𝑣                                                 (I − 25) 
This b-value can be used as a useful tool to estimate whether the electrochemical process of a given 
electrode is governed by semi-infinite solid-state diffusion, particularly in the case of these CV 
curves with noticeable peaks. When b=1, meaning that there is no diffusion limitation of the 
electrochemical process, refers to a non-faradic capacitive process and/or a faradic pseudocapacitive 
process.5 For a semi-infinite solid-state diffusion electrochemical process in battery electrode, the 
relationship of the peak current ip and scan rate v follows the Randles-Sevcik equation: 
𝑖𝑝 = 0.4463𝑛𝐹𝐴𝑐𝐷





                            (I − 26) 
where A and c are respectively the surface area and concentration of the electrode material, D is the 
chemical diffusion coefficient. In this case, ip is proportional to the square root of scan root, where 
b=0.5, corresponding to a diffusion limitation process. When the b-value is in the range of 0.5 to 1, 
the charge storage mechanism can be interpreted as either mixed of diffusion and capacitive process 
or a finite-length diffusion.6, 104-105 There are several electrochemical techniques to help define the 
pseudocapacitive charge storage, more details will be presented in Chapter IV. 
In summary, few decades after the first concept of pseudocapacitance pioneered by Conway, 
the pseudocapacitive materials filed have been broadened to a wide range of charge storage 
mechanisms, including adsorption, surface redox, and intercalation pseudocapacitance domains. The 
concept of extrinsic and intrinsic pseudocapacitance was also proposed to better define the 
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pseudocapacitive filed. In the following section, we will briefly introduce various pseudocapacitive 
materials and their electrochemical performances. 
 
2.2.2 Pseudocapacitive materials 
Many pseudocapacitive materials have been reported in the last decade, aiming at increasing 
the energy density of EDLCs without compromising the power performances. One of the strategies 
is the modification of carbon surface to add a pseudocapacitive contribution to the root of EDLC 
(for more details, see reviews72,106-107) , we will focus here onto pseudocapacitive electrode materials, 
such as metal oxides, transition metal oxides, and recently emerged two-dimensional (2D) materials.  
Hydrous transition metal oxides have been extensively investigated for their pseudocapacitive 
properties in aqueous systems. As mentioned earlier, RuO2·xH2O was one of the first reported and 
then well-studied pseudocapacitive electrode materials. In early studies, the surface redox 
pseudocapacitance of the RuO2 electrode was considered to be dependent on its surface area.
108 
Further studies demonstrated that the structural water of RuO2 can provide fast ion transport for 
protons, thus beneficial to pseudocapacitance in acidic electrolytes.109-110 High gravimetric 
capacitance of 850 F g-1 was obtained over a 0.6 V operation window (corresponding to a capacity 
of 142 mAh g-1) in RuO2·0.58 H2O.
110 In addition, the metallic conductivity of the rutile phase RuO2 
makes the RuO2 electrode a promising candidate for high rate pseudocapacitors. Unfortunately, the 
high-cost issue impedes the development of their further commercial applications.  
Since the first report by Goodenough,96 MnO2 material has emerged as an appealing alternative 
pseudocapacitive electrode to RuO2, due to its attractive properties, such as low cost, abundance, 
and high theoretical capacitance.111 In aqueous electrolytes, the MnO2 electrode store the charge 
through pseudocapacitive redox reactions involving surface adsorbed and/or intercalated cations (H+, 
Li+, Na+, and K+),112 accompanied by the change of oxidation state between Mn3+ and Mn4+: 
MnO2 + xM
+ + xe- ↔ MxMnO2                                          (I-27) 
Theoretically, a high capacity of 308 mAh g-1 over a 0.9 V voltage window can be obtained for a 
one-electron redox reaction.5 It was demonstrated that the crystal structure of MnO2 have a 
significant impact on its electronic conductivity and ionic diffusivity, determining the 
pseudocapacitive performance.113-114 Although a MnO2 thin electrode can deliver a high capacity of 
up to 263 mAh g-1, the performances drop sharply when increasing the electrode thickness due to 
the low electronic conductivity nature of MnO2.
5 More efforts are thus needed to improve the poor 
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electronic conductivity of MnO2 material in order to fully achieve its theoretical capacitance in high 
loading mass electrodes.  
Metal oxides with a spinel crystal structure, such as Mn3O4,
115 Fe3O4,
116 NiCo2O4,
117 have also 
been investigated as potential interesting pseudocapacitive electrodes for EES because of their 
relatively low cost, environmental compatibility, and high theoretical capacity. For example, 
NiCo2O4 aerogel electrode prepared from a low-cost epoxide-driven sol-gel process showed a high 
capacitance of 1400 F g-1 over a 0.56 V voltage window (corresponding to 218 mAh g-1) at a scan 
rate of 25 mV s-1,118 highlighting the potential of these spinel-type metal oxides. One should note 
that materials such as Co- or Ni-oxide based exhibit electrochemical signatures mixing a 
combination of pseudocapacitive and battery-type behaviors due to the phase changes during the 
charge/discharge process,16, 118-119 and cannot be considered as pseudocapacitive materials. A 
carefully electrochemical kinetics analysis has then to be achieved to clearly distinguish them from 
pseudocapacitive materials. A typical example is Ni(OH)2, where a super-high but rather 
meaningless specific capacitance value of 3000 F g-1 can be obtained at the potential region with the 
clear presence of battery-type discharging plateau.120 Those unrealistic numbers simply originate 
from the presence of sharp redox peaks due to redox reaction with phase change and diffusion 
limitations.93, 121 
Recently, layered structural materials are receiving more attention for pseudocapacitive energy 
storage because of they allow revisable ion intercalations without any phase changes, enabling 
excellent volumetric electrochemical performances.6 Taking hydrated tungsten oxide WO3·2H2O as 
an example, a high capacitance of 400 mF cm-2 (360 mC cm-2) was reported in the acidic electrolyte 
with a short charge/discharge time of 5 s.122 Further work demonstrated that the confined structural 
water in-between WoO3 layers provide a pathway for highly reversible and rapid proton intercalation, 
together with the high electronic conductivity, makes WO3·xH2O material a promising 
pseudocapacitive electrode that can perform at sub-seconds time range.123  
In addition to the aforementioned redox pseudocapacitive materials that involve cation 
intercalations, pseudocapacitive-based charge storage can also be achieved through anion 
intercalation in perovskite materials. One of the first anion-based intercalation pseudocapacitances 
was reported in nanostructured lanthanum-based perovskite LaMnO3, where a high capacitance of 
600 F g-1 over a 1.2 V potential window (corresponding to 200 mAh g-1) was achieved through a 
mechanism of oxygen-vacancy-mediated redox pseudocapacitance involving the oxidation state 
change of Mn.124 A number of perovskite materials, such as SrCo0.9Nb0.1O3-x and PrBaMn2O6-x, are 
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among the recent studies that exhibit pseudocapacitive charge storage based on anion intercalations 
in aqueous systems.125-126  
As outlined above, numerous materials used as pseudocapacitive electrode were reported in 
aqueous systems during the last two decades, with high capacitance values, excellent rate capability, 
and stability; however, as indicated in equation I-4, the energy densities were significantly limited 
by the narrow voltage window (around 1 V) due to the electrolysis of water that hampers the 
industrial applications of the technology.12 Nevertheless, these studies helped define the field of 
pseudocapacitance, enabling a broader and depth understanding of pseudocapacitive charge storage 
mechanisms. On the other hand, non-aqueous electrolytes typically allow a wide operation voltage 
window (> 2 V), offer much higher energy density compares to aqueous systems. The above 
mentioned pseudocapacitive hydrated materials in aqueous systems, e.g., RuO2·xH2O and 
MnO2·xH2O, usually are inactive in non-aqueous electrolytes since the structural water is no longer 
beneficial to the ion-conducting properties.16 Generally speaking, pseudocapacitive materials store 
the charge through cation (such as Li+) intercalation in non-aqueous systems, taking advantage of 
the high diffusion coefficients and minimum structural changes.6 
The unique and complex lithiation/delithiation behavior of monoclinic bronze titanium dioxide 
(TiO2(B)) has been widely studied for their high capacity and high-rate capability.
127 The initial 
lithiation process of TiO2(B) can be given: 
TiO2(B) + xLi
+ + xe- ↔ LixTiO2(B)                                       (I-29) 
A simulation study suggested that TiO2(B) material is capable of accommodating Li
+ with a Li/Ti 
ratio range from 0 to 1.25, leading to a high theoretical capacity of 419 mAh g-1 when considered a 
formation of Li1.25TiO2(B).
128 However, an experimental capacity of 335 mAh g-1 was obtained in a 
potential range of 1 to 3 V, corresponding to one Li-ion intercalation.126 Manufacturing the 
morphology of TiO2(B) could lead to high-rate performance; for instance, a specific capacity of 160 
mAh-1 can be delivered with a discharge time of 2 minutes.129 Although the fast Li-ion intercalation 
in TiO2(B) makes it attractive for high power devices, the poor electronic conductivity restricts 
TiO2(B) materials incorporation into EES designs.
5  
As mentioned above, T-Nb2O5 was reported as another seminal pseudocapacitive material with 
Li-ion intercalation which is not limited by semi-infinite diffusion.99 The lithiation/delithiation 
process of T-Nb2O5 electrode in Li-contained non-aqueous electrolyte is given as: 
Nb2O5 + xLi
+ + xe- ↔ LixNb2O5                                             (I-30) 
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where x ≤ 2. It has been well demonstrated that the oxidation state of Nb, which continuously 
changes from Nb5+ to Nb4+ during the Li+ insertion within the (00l) plane, gives rise to the 
pseudocapacitance.100, 130 Similar to TiO2(B), the poor electronic conductivity of T-Nb2O5 hinders 
its power performance, especially in the case of high-loading and/or thick electrode. 
Extrinsic pseudocapacitance materials have also emerged as promising candidates that offering 
high-rate performances. There are several engineering approaches to achieve extrinsic 




132 2) dopant chemistry, such as introducing vacancies in 
MoO3,
102 and creating defects in olivine LiFePO4.
133 In addition to these oxides, transition metal 
dichalcogenides with nanosized participles or 2D morphology providing another option for high-
rate performance electrodes. For example, 2D morphology of TiS2 leads to electrochemical and 
structural properties that are not exhibited by the corresponding bulk material, resulting in 
pseudocapacitive charge storage with a specific capacity of 90 mAh g-1 within 30 s.134 Similarly, a 
MoS2 nanocrystal-based electrode can deliver a specific capacity of 90 mAh g
-1 within 6 s, 
highlighting the high power performances.135 
More recently, a new type of 2D metal carbides and nitrides, known as MXenes, have attracted 
great interest thanks to their high-rate performance, making them suitable as electrodes in EES 
technology. The next sections will detail MXene synthesis and electrochemical characterizations for 
EC applications, but more details can be found here.136 
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3. MXenes as high-rate electrodes for electrochemical energy storage 
3.1 MXene chemistry 
3.1.1 What are MXenes? 
MXenes are two-dimensional (2D) materials with the formula of Mn+1XnTx, where M represents 
the transition metal(s), X is carbon and/or nitrogen, and Tx stands for the surface terminations (e.g., 
-OH, -O, -F, and so on) that are introduced during chemical preparation. Since the first discovery of 
the Ti3C2Tx MXene in 2011, MXenes have expanded significantly as a novel 2D materials family 
containing almost 30 members with different chemical compositions and order.137 Typically, 
MXenes are prepared by selective etching of the A elements from MAX phase precursors via a HF-
containing solution. Considering the rich chemistry of the MAX phase precursors as presented in 
Figure I-14 (more than 155 MAX available today),138-140 new MXenes are being discovered 
routinely. Thanks to their tunable properties (surface chemistry, conductivity, two-dimensional 
structure), MXenes are found promising for many applications, including energy storage and 
conversion, catalysis, sensing, electromagnetics, optics, and water purification, among others.141 
However, the most promising applications deal with electrochemical energy storage, including 









Figure I-14. Periodic table of the elements showing the updated MAX phase compositions, including the 
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Figure I-15a gives a schematic illustration of a typical synthesis route for MXene materials. 
During the etching process, the A atom layers are selectively removed and replaced with Tx 
terminations. Inset SEM images show the morphology change, from MAX bulk particles to 
multilayer MXenes. The multilayer MXenes can then be further exfoliated, by using ultrasonication 
or cation intercalations.143 Various post-synthesis methods were proposed process the MXenes, 
depending on the applied applications, including vacuum filtration, spin coating, spraying, and 









Figure I-15. Synthesis and processing of MXenes. (a) Schematic showing the etching and exfoliation 
processes of the MAX phase (here M2AX). Scanning electron microscope (SEM) images of a(i) MAX phase 
particle and a(ii) multilayers MXenes. a(iii) gives the transmission electron microscope (TEM) image of a 
single MXene layer after exfoliation. (b) Processing of MXenes in different methods: vacuum filtration, spin 
coating, and spraying coating. (i-iii) are digital photographs of the resulting samples. Adopted from ref144. 
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3.1.2 Advances in MXene chemistry 
Differently from the well-known 2D graphene or other 2D materials that can be stacked and 
held together due to van der Waals interactions, allowing them to be easily exfoliated from their 
corresponding precursors, the chemical bonds between the Mn+1Xn layer and A element layer of 
MAX phases are much stronger, resulting in difficulties for preparing MXenes via mechanical 
exfoliation. However, the bonding of M-X atoms is much stronger than that of the M-A atoms,145 
enabling the possibility of selective removal of the A element with specific chemical etchants. In 
2011, Gogotsi, Barsoum, and colleagues first reported the synthesis of Ti3C2Tx (the first MXene) 
prepared by selective etching of Al-layers from the Ti3AlC2 MAX phase precursor immersed in HF 
solution.146 Later, alternative acidic solutions were proposed as etching baths, such as a mixture of 
hydrochloric acid (HCl) with lithium fluoride (LiF),147 hydrochloric acids (HCl) with sodium 
fluoride (NaF),148 ammonium hydrogen fluoride (NH4HF2),
149 and ammonium dihydrogen fluoride 
in organic polar solvents.150 To avoid the use of hazardous HF containing solutions, other methods 
such as hydrothermal treatment in aqueous sodium hydroxide (NaOH) solution151 or thermal-
assisted electrochemical etching152 were developed. While these methods can be successfully used 
for Al-containing MAX phases (Al as the A element), as presented in Figure I-15a, other MAX 
phases (with A = Si, Ga, Ge, Sn, and so on) are still difficult to be etched. Also, the electrochemical 
performance of NaOH-prepared MXene is not at the same level as HF-prepared MXene due to the 
high content of O-containing surface groups as the result of the oxidation of MXene.151 Recently, Li 
et al. reported the synthesis of Ti3ZnC2 MAX phase by reaction of Ti3AlC2 in ZnCl2 Lewis acidic 
molten salt at 550°C, via a replacement reaction mechanism.153 Ti3ZnC2 could be further 
transformed into Ti3C2Cl2 MXene when increasing the MAX:ZnCl2 ratio. However, the formation 
mechanism of Ti3C2Cl2 MXene is not fully understood from the chemical point of view; since the 
molten salt and the MAX phase shared the same element (Zn), a reaction mechanism assuming the 
existence of a low valence Zn2
2+ cation was proposed.  
Also important to note is that a change in the synthesis route of MXenes may result in a 
noticeable difference in surface terminations.154 For instance, the surface terminations of HF- or 
HCl/LiF-etched MXenes mainly contain -O, -OH, and -F. Quantitative nuclear magnetic resonance 
(NMR) spectroscopy has shown that HF synthesized Ti3C2Tx MXene exhibit almost four times -F 
termination as well as more -OH and less -O terminations compared to the same Ti3C2Tx MXene 
prepared in a mixture of HCl/LiF solution.155 Also, using the same method with different HF 
concentrations may result in the variation in surface termination composition.156 MXenes prepared 
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by NaOH hydrothermal treatment151 or electrochemical etching152 show no -F termination on the 
surface. Annealing treatment of MXene under vacuum or various gas atmospheres was turned out 
to be an effective route to manipulate surface terminations.157-160 Persson and colleagues reported 
the possibility of defluorination by heating in a vacuum and further exposed to oxygen gas at 450 
oC to fully oxidized the surface.160 Both theoretical and experimental investigations show that the 
change in surface chemistry has important effects on the resulting physical or chemical properties 
(e.g., conductivity and chemical redox activity).157,159,161 For instance, the hydrophilicity of MXenes 
depends greatly on the surface terminations: MXenes prepared by HF or HCl/LiF are typically 
hydrophilic due to the existence of -OH or -O functional groups,147, 162 which can be turned 
hydrophobic by further removal of these groups upon thermal treatment.163 
Most MXenes exhibit a metal-like conductivity, some semi-metallic or semiconducting 
MXenes have also been identified, depending on the nature of M elements and the surface 
terminations.161 Ti3C2Tx spin-cast MXene films exhibit a high conductivity of about 10
4 S cm-1.164 
Another key feature making MXenes attractive candidates for EC electrodes is their unique 2D 
structure with open accordion-like morphology and high specific surface area, which allows for fast 
charge transport and high surface charge accumulation.  
 
3.2 MXenes as electrode materials for electrochemical capacitor applications in aqueous 
electrolytes  
Unsurprisingly, the first discovered MXene, Ti3C2Tx, is to date the most studied. In 2013, 
Gogotsi and colleagues reported successful accommodation of a large variety of cations, including 
Li+, Na+, K+, NH4
+, Mg2+, and Al3+ in a Ti3C2Tx MXene electrode, from neutral or alkaline aqueous 
electrolytes. A volumetric capacitance exceeding 300 F cm-3 was achieved, corresponding to about 
3-times that of conventional porous carbons.165 The symmetric and rectangular-shaped 
voltammograms observed in various alkaline and neutral electrolytes (Figure I-16a), without marked 
redox peaks, indicate a typical capacitive electrochemical signature. Moving to acidic aqueous 
electrolytes, Ghidiu et al. reported capacitances up to 900 F cm-3 (245 F g-1) in 1 M H2SO4 electrolyte 
without significant degradation over 10,000 cycles.147 An exceptional high capacitance of 1500 F 
cm-3 (370 F g-1) was further achieved within a 1-V potential range, outperforming the best-reported 
pseudocapacitive or capacitive electrode materials in aqueous electrolytes.166 As presented in Figure 
I-16b, a pair of redox peaks were observed on the cyclic voltammetry (CV) profiles, indicating the 
pseudocapacitive nature of the Ti3C2Tx MXene electrode in acidic aqueous electrolytes. In situ X-
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ray absorption spectroscopy (XAS) measurements further evidenced the variation of the Ti oxidation 
state of the Ti3C2Tx MXene electrode during electrochemical polarization, confirming the 
pseudocapacitive charge-storage mechanism.167 Further studies by Hu et al. revealed that hydronium 
in the H2SO4 electrolyte (de)bonds with the -O termination groups at Ti3C2Tx MXene electrode 













Figure I-16. Electrochemical signature of MXene in aqueous electrolytes. (a) Cyclic voltammograms at 2 
mV s-1 for a 25-µm-thick d-Ti3C2Tx paper electrode in sulfate aqueous electrolytes; (b) Cyclic voltammetry 
data collected at scan rates from 10 to 100,000 mV s-1 for a 90-nm-thick Ti3C2Tx MXene; (c) SEM image of 
(top panel) Ti3C2Tx MXene hydrogel cross-section and (down panel) macroporous templated Ti3C2Tx 
electrode cross-section. Scale bars: 5 µm. Insets show a schematic representation of the ionic current pathway 
in electrodes of different architectures; (d) Schematic illustration of ion transport in horizontally stacked and 
vertically aligned Ti3C2Tx MXene electrodes; (e) Cyclic voltammograms of the indicated samples at a scan 
rate of 100 mV s-1. Figures adapted from ref 162,165-166,169.  
 
In addition to the high capacitance and enlarged potential window, extremely high-rate 
performance was also achieved by controlling the electrode porous structure to enhance electrolyte 
accessibility to the MXene surface: a macroporous Ti3C2Tx MXene electrode (Figure I-16c) could 
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achieve a capacitance of 210 F g-1 at 10 V s-1.166 Designing vertically-aligned Ti3C2Tx MXene flakes 
onto the current collectors could further boost the rate performance, as shown in Figure I-16d. The 
electrode architecture greatly shortens the ion transport pathway as compared to a conventional 
filtered film electrode. As a result, CV profiles in Figure I-16e clearly evidence the excellent 
performance of vertically aligned Ti3C2Tx MXene electrode even with an electrode thickness of up 
to 200 microns.169 However, the limitation comes from the narrow potential window, limited on the 
one hand by hydrogen evolution reaction in the negative potential range, and on the other hand, by 
MXene oxidation at higher anodic potentials. As a result, despite high specific capacitance 
performance, the maximum energy density E still falls short. 
 
3.3 MXenes as high-rate electrodes in non-aqueous electrolytes 
A direct approach to broaden the cell voltage is to move from aqueous to non-aqueous 
electrolytes. Generally, non-aqueous electrolytes, including organic and ionic liquid electrolytes are 
stable within a potential window up to 3 V (or higher). Conventional organic electrolytes for ECs 
consist of acetonitrile (ACN) or propylene carbonate (PC) as solvents and conducting salts (e.g., 
Et4N-BF4, Pyr-FSI, EMI-TFSI, EMI-BF4, and Li-TFSI). In the past years, mixtures of carbonates in 
combination with lithium or sodium salts typically used as electrolytes in lithium- or sodium-ion 
batteries have been proposed as electrolytes for ECs as well.  
3.3.1 In conventional non-aqueous electrolytes 
Early efforts devoted to the investigations of MXenes in conventional non-aqueous electrolytes 
failed short to achieve a significant extension of the potential window.170-172 In 2015, Dall’Agnese 
et al. tested MXene/carbon nanotube (MXene/CNT) composite electrodes in several organic 
electrolytes, including 1 M EMI-TFSI, 1 M EMI-BF4, and 1 M TEA-BF4 in acetonitrile.
172 A 
potential window of 1.8 V was achieved, together with a limited maximum capacitance of 80 F g-1 
(245 F cm-3). CNTs were used here to avoid the restacking of the MXene electrode film obtained by 
vacuum filtration and enhance the accessibility of the MXene surface to electrolyte ions, including 
those of large size. Interestingly, a pair of redox peaks were observed, which could be ascribed to 
the intercalation of cations. Later on, Lin et al.171 prepared a Ti3C2Tx MXene electrode pre-
intercalated with a neat ionic liquid electrolyte (EMI-TFSI) that could deliver high power capability 
within a 3 V voltage window with a capacitive electrochemical signature; however, the capacitance 
was still limited and reached only 80 F g-1. Moreover, similar redox peaks were also observed in the 
CV profiles of the electrode when tested in a three-electrode cell set-up, as presented in Figure I-
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17a. Further in situ X-ray diffraction (XRD) analysis indicated a reversible expansion of the 
interlayer spacing during negative polarization while a reversible shrinkage occurs during positive 
polarization. Such behavior was explained by the reversible (de)intercalation of EMI+ cations at the 
Ti3C2Tx negative electrode and EMI
+ cation/TFSI- anion exchange at Ti3C2Tx positive electrode 

















Figure I-17. MXene EC electrodes in conventional non-aqueous electrolytes. (a-b) Ti3C2Tx electrode in neat 
EMI-TFSI ionic liquid electrolyte, (a) Cyclic voltammetry profile of at 20 mV s-1 in the -1.5 to 1.5 V vs. Ag 
potential range; (b) Schematic of the charge storage mechanism – cation insertion at negative polarization 
and cation desertion and/or anion insertion at positive polarization. (c-d) Combination of in-situ electrical 
dilatometry and cyclic voltammetry at 1 mV s-1 sweep rate. The expansion/contraction is normalized to the 
equilibrium thickness (after 24 h) at 0 V vs. carbon. (c) In EMI-TFSI and (d) in BMIM-BF4. Insets: full-range 
CV with related displacement with arrows indicating the direction of potential sweeping. The figure is 
adapted from ref 173-174,176. 
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In addition, by combining electrochemical dilatometry together with in situ XRD 
measurements, Jackel et al. further confirmed these results by evidencing a highly reversible 
swelling/contraction of Ti3C2-MXenes in two different neat ILs (EMI-TFSI and BMIM-BF4). 
Figures I-17c and d present the strain evolution of the MXene electrode during cyclic voltammetry 
tests in two ILs that confirm a large stain during negative polarization, associated with cations 
insertion; in comparison, a small volume change was measured during positive polarization, 
supporting a cations/anions exchange mechanism.176 Recently, Zheng et al. used ionic liquid pre-
intercalated MXene films as electrodes to prepare ionogel-based flexible micro-supercapacitors 
(MSCs).170 MSCs could achieve a cell voltage of 3 V, together with volumetric and areal energy 
density among the highest values reported for MSCs (43.7 mWh cm-3 and 13.9 µWh cm-2, 
respectively).  
To summarize, limited attention has been focused on MXene-based ECs in conventional 
organic or ionic liquid electrolytes, which have the potential to change the game because of the large 
voltage windows associated with non-aqueous electrolytes. Although larger potential windows up 
to 3 V can be obtained, the specific capacitance is still so far well below to those achieved in aqueous 
electrolytes. One of the reasons is that the ion size in aqueous electrolytes (H+, for instance) is usually 
smaller than these ions in non-aqueous systems (EMI+, for instance), making ion 
intercalation/deintercalation easier in aqueous electrolytes. Another possible explanation is the 
restacking of the MXene flakes, resulting in narrower interlayer spacing and consecutive limited 
cation/anion access to the interlayer space between the MXene sheets. Fine-tuning the interlayer 
spacing or designing a specific electrode structure adapted to the electrolyte may appear as effective 
routes to enhance the performance in these electrolytes. Another promising strategy is to unlock the 
redox activity of MXenes in non-aqueous electrolytes as observed in aqueous acidic electrolytes. 
 
3.3.2 In metal ion-containing organic electrolytes  
As reported by Dunn et al., metal oxides such as α-MoO3 and T-Nb2O5 can be used as lithium-
ion host via ultrafast lithium-ion (de)intercalation in Li-ion battery electrolytes, without diffusion 
limitations.177-178 Those materials offer great promise to enhance the rate capability (in charge and 
discharge) of Li-ion batteries. Considering their accordion-like open structure and metallic 
conductivity, MXenes were expected to be good candidates for fast Li-ion intercalation. As a result, 
since the first publication of MXenes by Naguib and colleagues from Barsoum’s and Gogotsi’s 
groups, MXene has been extensively studied as a negative electrode for Li-ion battery 
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applications.179-182 Figure I-18a shows a typical CV of a Ti3C2 MXene electrode prepared from 
etching in HF- or F-containing solution (noted as HF-MXene).182 The lithium 
intercalation/deintercalation reaction (Figure I-18a) occurs within the full potential window, that is 
from 0.05 V up to 3 V vs. Li+/Li, and is achieved in a sequential way through several steps.182 The 
CV shows two different sets of peaks visible at 2.53 V / 2.45 V vs. Li+/Li and 1.00 V / 0.97 V vs. 
Li+/Li. In another paper, Kajiyama et al. reported the electrochemical behavior of Ti2CTx MXene, 
prepared by etching the Ti2AlC MAX phase in LiF+HCl mixture, noted as HF-Ti2CTx.
183 The CV 
(see Figure I-18b) shows similar key features observed for MXene prepared from F-containing 
electrolyte, that are i) a set of redox peaks at high and low potential, ii) an important polarization on 
charge at low potential, and iii) a Li+ intercalation reaction occurring within a large potential window 
that hampers its use as the negative electrode in the energy storage device.  
According to the previous study,182 where combined electrochemical tests and in situ XRD 
study were achieved, the set of redox peaks at high potential corresponds to Li-ion intercalation into 
large interlayer spaces, while the peaks at low potential correspond to Li-ion intercalation in small 
interlayer spaces. However, the large operating potential window for a negative electrode together 
with the high irreversible capacity at the first cycle drastically has so far limited the interest of these 
HF-MXene materials in Li-ion battery applications. Additionally, and as mentioned before and 
similarly to most of Li-ion intercalation battery materials, the power capability of this HF-Ti2CTx 
electrode was poor with a maximum of 8C rate, with 50% capacity loss between 1C and 8C rate.  
MXenes have also been studied as a positive electrode for sodium-ion intercalation reaction. 
Figure I-18c shows the CV of a V2C MXene electrode in 1 M Na-PF6 in EC/DMC.
184 A set of redox 
peaks associated with Na+ intercalation/deintercalation reaction is visible at about 2.5 V vs. Na+/Na, 
on top of a rectangle-shaped capacitive signature from 1 to 3 V vs. Na+/Na. A similar 
electrochemical process was also observed with the Ti2C MXene electrode in 1 M Na-PF6 in 
EC/DEC, where a reversible capacity of 175 mAh g-1 could be delivered in a 0.1 - 2.3 V potential 
range.186 Kajiyiama et al. found that the intercalation distance in the MXene electrode was expanded 
by the first sodiation process because of desolvated Na+ intercalation and solvent molecule 
penetration, which further act as pillars to stabilize the structure.187 Porous MXene electrodes were 
also developed to accelerate ion transport in organic electrolytes.188-190 To summarize, similar to Li-
ion, Na-ion intercalation in MXene electrodes is mainly achieved within a broad operating potential 
window is a concern for further use in Na-ion battery applications.  
 


















Figure I-18. MXene electrodes in lithium or sodium-containing organic electrolytes. Cyclic voltammetry 
profiles of (a) Ti3C2Tx in 1 M LiPF6 dissolved in 1:1 EC:DEC electrolyte;182 (b) Ti2CTx and Ti3C2Tx in 1 M 
LiPF6 dissolved in 1:1 EC:DEC electrolyte;183 (c) V2CTx in 1 M NaPF6 dissolved in EC/DMC (1:1);184 (d) 
Ti3C2Tx in 1M Li-TFSI in DMSO, ACN, PC solvents, the original potential vs. Ag wire is converted into 
potential vs. Li+/Li.185 
 
A recent breakthrough was made by Wang et al.,185 who investigated the influence of various 
solvents on the charge-storage mechanism in a macroporous Ti3C2 MXene electrode, using the same 
1 M Li-TFSI salt concentration. As shown in Figure I-18d, different CV signatures were obtained 
depending on the solvent (DMSO, ACN, and PC) used; surprisingly, the best electrochemical 
performance was obtained in PC-based electrolyte, with a capacity of 130 mAh g-1 at 2 mV s-1 within 
2.4 V voltage window. In situ XRD coupled with MD simulations suggested that fully desolvated 
Li ions were intercalated between the MXene layers in PC-based electrolytes, leading to an excellent 
electrochemical performance with 80 mAh g-1 delivered at charge/discharge rates of 1,000 C. On 
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the other hand, the co-intercalation of solvent molecules was evidenced together with Li+ ions in 
DMSO and can-based electrolytes, due to the strong interactions between DMSO/ACN solvent 
molecules and Li+ ions; this explains the limited electrochemical performance in these two 
electrolytes. This study provides a rationale route by considering solvents as an effective strategy to 
improve the pseudocapacitive performance of MXene electrodes as well as other electrodes.  
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4. Objectives of the thesis 
As mentioned above, previous works evidenced that 2D MXene materials can serve as 
promising candidates for high rate performance electrodes in electrochemical energy storage 
applications. The main objective of this thesis was to better understand the charge storage 
mechanisms of Ti3C2Tx MXene in both aqueous and nonaqueous systems, to explore the key 
components that determined the electrochemical reactions; thus, to help design a better MXene 
electrode to design the next generation of materials for high energy, high rate energy storage devices. 
The goals are: 
a) To understand the charge storage mechanism of Ti3C2Tx MXene materials prepared by using 
aqueous HF-containing etching route. The electrochemical kinetic study of Ti3C2Tx MXene 
electrodes will be performed in various aqueous electrolytes. It has been suggested that the 
termination groups have an impact on the electrochemical performance, we will further explore the 
charge storage mechanism of Ti3C2Tx electrodes in the H2SO4 electrolyte where the record high 
volumetric capacitances were reported. 
b) The conventional synthesized method resulted in F-terminated MXenes. In our project, we 
will be dedicated to finding new synthesis routes / strategies to prepare MXene materials with 
tunable surface chemistry. We will further characterize the electrochemical properties of these 
newly-prepared Ti3C2Tx MXene materials in non-aqueous electrolyte. 
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Chapter II Experimental procedures 
1. Introduction 
In this chapter, the used chemicals for the thesis will be described. The material characterization 
techniques will be listed. Especially, we will introduce the typical electrochemical techniques and 
principles for electrochemical capacitors (ECs), as well as the cell configurations. The synthesizing 
process of MXene materials will be introduced later in each result chapter. 
 
2. Research chemicals 
2.1 Chemicals for the preparation of MXenes 
In this thesis, two kinds of synthesizing routes were used to prepare MXene materials, including 
the aqueous solution etching method in Chapter III and IV, and the molten salt etching method in 
Chapter V. The chemicals are summarized in Table II-1. 
Table II-1. Research chemicals used for the preparations of MXenes 
 Chemicals Source Remarks 
Chapter III 
and IV 
Ti3AlC2 MAX phase Carbon-
Ukraine Ltd. 
400 mesh 
Lithium fluoride (LiF) Fisher 98.5% purity 
Hydrochloric acid (HCl) Fisher 9 M 
Deionized water (H2O) Lab-made 18 
megohm.cm 
Nitrogen (N2) Lab-made 99% purity 
Chapter V 
Copper chloride (CuCl2) Aladdin 98% purity 
Zinc chloride (ZnCl2) Aladdin 98% purity 
Cadmium chloride (CdCl2) Aladdin 98% purity 
Ferrous chloride (FeCl2) Aladdin 98% purity 
Cobalt chloride (CoCl2) Aladdin 98% purity 
Nickel chloride (NiCl2) Aladdin 98% purity 
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Silver chloride (AgCl) Aladdin 98% purity 
Sodium chloride (NaCl) Aladdin 98% purity 
Chapter V 
Potassium Chloride (KCl) Aladdin 98% purity 
Ammonium persulfate ((NH4)2S2O8) Aladdin 98% purity 
Ethanol(C2H6O) Aladdin 98% purity 
Argon(Ar) Lab-made 99.9% purity 
Deionized water (H2O) Lab-made 18 
megohm.cm 
Ti3SiC2 MAX phase Lab-made - 
Ti3AlC2 MAX phase Lab-made - 
Ti3ZnC2 MAX phase Lab-made - 
Ti3AlCN MAX phase Lab-made - 
Ti2AlC MAX phase Lab-made - 
Ti2ZnC MAX phase Lab-made - 
Nb2AlC MAX phase Lab-made - 
Ta2AlC MAX phase Lab-made - 
 
2.2 Chemicals and materials for electrochemical tests 
In Chapters III and IV, the electrochemical tests were performed in aqueous systems. The 
counter electrode was made of activated porous carbon (YP50F, Kuraray Chemical Co. Ltd.) mixed 
with a binder of polytetrafluoroethylene (PTFE, Fuel Cell Earth LLC). The separator is one piece of 
glass microfiber filters (GF/A, Whatman.). MXene working electrodes were prepared by a vacuum 
filtration method (see Figure II-1), using Celgard 3501 membrane (Celgard). Various electrolytes 
were used for the electrochemical tests, including 1 M and 3 M sulfuric acid (H2SO4, Sigma-Aldrich, 
ACS reagent), 1 M potassium hydroxide (KOH, Sigma-Aldrich, ACS reagent), saturated potassium 
sulfate (K2SO4, Sigma-Aldrich, 99% purity). 




Figure II-1. Schematic sketch of vacuum filtration process to prepare MXene film. 
 
In Chapter V, the electrochemical evaluations were done in organic electrolytes, namely 1 M 
lithiumhexafluorophosphate in ethylenecarbonate:dimethylcarbonate (1:1 in volume) (LP30, 
Solvionic) and aqueous electrolytes, 3 M H2SO4. The working electrode was made of MXene 
powders mixed with acetylene carbon black (Alfa Aesar, 99.9+% purity) and PTFE, with a weight 
ratio of 80:15:05. For the test in LP30, the counter electrode was lithium foil (Li, Sigma-Aldrich, 
99.9+% purity). Cellulose membrane (TF4425, NKK) with a thickness of 25 μm was used as 
separators. In the test of 3 M H2SO4, the same chemicals and devices used in Chapter III were also 
used in Chapter V. 
 
3. Material characterization techniques 
Numerous material characterization techniques were used in this thesis, including X-ray 
diffraction, (XRD, D4, and D8 diffractometer, Bruker), Raman spectroscopy (HORIBA Jobin Yvon), 
Scanning electron microscope (SEM, Jeol JSM 6700F, and QUANTA 250 FEG, FEI) coupled with 
an energy-dispersive spectrometer (EDS), Transmission electron microscope (TEM, Tecnai F20 
FEI), High-angle annular dark-field imaging scanning transmission electron microscope (HAADF-
STEM, FEI Titan3 60-300) coupled with energy-dispersive X-ray spectroscopy, X-ray 
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photoelectron spectroscopy (XPS, Kratos AXIS ULTRADLD), Temperature-programmed desorption 
mass spectrometry (TPD-MS, Skimmer, Netzsch), X-ray absorption spectroscopy (XAS, 
Synchrotron SOLEIL), Inductively coupled plasma mass spectrometry (ICP-MS, VARIAN). 
 
4. Electrochemical characterizations 
4.1 Electrochemical Apparatus 
Figure II-2 gives a schematic sketch of the basic electrochemical experimental system. All the 
testing programs and parameters are set in the computer, and the block composed of the function 
generator and potentiostat applies the output signal to the electrochemical cell, where the 
electrochemical reactions take place. Electrochemical tests in this thesis were recorded by a VMP3 
potentiostat (Biologic).  
 
Figure II-2. Schematic diagram of the electrochemical workstation. 
 
4.2 Cell configurations 
Two types of cell setups, 3-electrodes and 2-electrodes Swagelok cell, were used in the 
common electrochemical studies in this thesis. Figure II-3 gives the schematic diagrams of these 
two cell setups. They are assembled with an active material, a counter electrode, a separator, an 
electrolyte, two current collectors (one for each electrode), piston plungers for the connection of the 
cell; a reference electrode is also used in the case of the 3-electrodes cell. 
 
 












Figure II-3. Schematic diagrams of 3-electrodes and 2-electrodes Swagelok cell. 
 
One can see one of the key differences between 3-electrodes and 2-electrodes cells is that there 
is an external reference electrode in 3-electrodes systems. This reference electrode normally has a 
stable (or quasi-stable, i.e., Ag wire) and measurable electrochemical potential, thus can be used to 
monitor and control the potential of the working electrode. The 3-electrodes cell is a typical half-
cell that used to study the electrochemical properties of the working electrode, such as 
electrochemical stability, capacity, capacitance, electrochemical kinetics. On the other hand, as seen 
from the commercial cells, the 2-electrodes cell normally serves as full-cell, providing 
electrochemical information of the whole systems that contain both two electrodes, allowing the 
evaluations of a full electrochemical energy storage (EES) system. Moreover, 2-electrodes cells can 
also use as half-cell to study the electrochemical properties of the working electrode. For instance, 
when a 2-electrodes cell setup deployed in the battery material research field, over-capacity Li foil 
is commonly used as a counter electrode and its potential will barely change during the 
electrochemical polarization since the capacity of Li electrode is way higher than the working 
electrode. Under such circumstances, the Li electrode can be concurrently worked as a quasi-stable 
reference electrode and the counter electrode. The electrochemical signature of the 2-electrodes half-
cell is then interpreted as the signature of the working electrode, instead of the whole system. It 
worth noting that the term “voltage” is used to describe a full cell; it does not give any information 
about one electrode independently. On the other hand, the term “potential” describes the state of one 
electrode with respect to a reference electrode. 
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4.3 Electroanalytical techniques 
To date, the most commonly used electroanalytical techniques to characterize ECs are cyclic 
voltammetry, constant current charge/discharge, and electrochemical impedance spectroscopy. In 
principle, cyclic voltammetry and constant current charge/discharge are transient techniques 
deployed to study the electrode reactions by applying a transient signal to the systems that drive the 
electrode to different polarization conditions and then record the response. On the other hand, 
electrochemical impedance spectroscopy is a stationary technique that studies the electrochemical 
reactions at a steady state by perturbing the electrode with a small magnitude of alternating signals.1 
Although different sorts of input signals and methods are used in each technique, the core essence 
of these techniques is to find the current-potential (i-V) relationship over a period of time to 
understand the electrochemical reactions of the electrode. A brief introduction of these techniques 
is given in the following content. 
 
4.3.1 Cyclic voltammetry (CV) 
CV is a widely used electroanalytical technique in ECs, providing multiple electrochemical 
properties, such as operating voltage window, capacitance and capacity evaluations, kinetic analysis, 









Figure II-4. (a) A typical cyclic potential sweep. (b) CV profile of a carbide-derived carbon-based 
supercapacitor at a scan rate of 20 mV s-1. b is adopted from ref.2  
 
In principle, CV testing a linear voltage ramp is applied to a cell (2-electrodes systems) or a 
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linear potential sweep to an electrode (3-electrodes systems); between a voltage (or a potential) range. 
In both cases, the resulting current is recorded all along the potential (or the voltage) sweep. As 
presented in Figure II-4a, the applied voltage is given between the initial voltage (𝑉𝑖, in V) and 
ending voltage limits (𝑉𝑒, in V): 
𝑉(𝑡) = 𝑉𝑖 + 𝑣𝑡                                                              (II − 1) 
when 𝑉 <  𝑉𝑒, where v is the scan rate (V s
-1). After 𝑉 reaches 𝑉𝑒𝑛𝑑, a reverse scan with the same 
potential scan rate is applied: 
 𝑉(𝑡) = 𝑉𝑒 − 𝑣𝑡                                                             (II − 2) 
Figure II-4b gives the current response as a function of cell voltage in a carbon-based EDLC at 
a scan rate of 20 mV s-1. As observed, a typical rectangular shaped CV profile was recorded for a 
capacitive material. Nevertheless, when the scan direction is reversed, because of ohmic losses the 
current does not increase sharply (as expected) but exponentially. For this reason, in the first 
approach, an EDLC can be modelized as a simple R-C circuit, as described in Figure II-5.  
 
 
Figure II-5. Illustration of a R-C circuit. 
 
When a scan rate v is applied to the circuit, we have: 
𝑉 = 𝑣𝑡 = 𝑖𝑅𝑠 + 𝑞 𝐶𝑑𝑙⁄                                               (II − 3) 
where i (A) is response current, Rs (Ω) is the equivalent resistance, q (C) is the total transported 
charge in the circuit, and Cdl (F) is the EDL capacitance. Since 
𝑖 = 𝑑𝑞/𝑑𝑡                                                                      (II − 4) 
By combine equation II-3 and 4, i is then given: 
𝑖 = 𝑣𝐶𝑑𝑙(1 − 𝑒
−𝑉 𝑣𝑅𝑠𝐶𝑑𝑙⁄ )                                          (II − 5) 
Three fundamental parameters, voltage, current and time are directly measured and recorded in the 
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CV test, and the capacitance Cdl of the cell can be derived from these parameters by
3: 






                                                        (II − 6) 
In addition, other metrics, such as energy and power performance, can also be calculated via the 
integration of the CV curves.  
CV technique is also a suitable way to determine the operating voltage window of electrode 
material or an electrolyte in a 3-electrodes cell system, as well as the cyclability of the EC device. 
Moreover, as previously mentioned in Chapter I, by applying a wide range of scan rates, the CV test 
allows analysis of the electrochemical kinetics to distinguish the pseudocapacitive and battery-type 
behavior.4 
 
4.3.2 Constant current charge/discharge (GCCD) 
Differently from the CV test, the GCCD technique applies a constant current to the EC device 
(see Figure II-6a) or the working electrode and records the response voltage or potential as a function 
of time. The cell will be first charged by a constant current ic to the voltage limit and then discharged 
till the voltage reaches zero. The GCCD curve of a carbide-derived carbon-based supercapacitor 
(same one in Figure II-3b) was presented in Figure II-6b, a linearly changed voltage curve can be 
observed which is a typical feature of the capacitive system. The capacitance of the supercapacitor 




                                                                   (II − 7) 
where 𝑑𝑡 is the discharge time (s) and 𝑑𝑉 is the corresponding voltage change (V); 𝑑𝑉/𝑑𝑡 is the 
slope of the GCCD curve, which is usually measured on discharge. 




Figure II-6. (a) Applied constant current versus time. (b) GCCD curve of carbide-derived carbon-based 
supercapacitor taken at 20 mA cm-2. Inset gives the voltage drop Vd. b is adopted from ref.2  
 
The series resistance Rs can be obtained from the GCCD test, as shown in the inset of Figure 




                                                                 (II − 8) 
where id is the discharge current (A). As described in equation I-7 in Chapter I, the maximum power 
performance of an EC device is determined by the Rs. Since the voltage drop cannot be avoided in 
the GCCD test, a more accurate way to calculate the cell capacitance is proposed, especially at high-
rate tests: 
𝐶𝑑𝑙 = 𝑖𝑑 ⋅
𝑑𝑉
𝑑𝑡
|𝑉<𝑉𝑚𝑎𝑥−𝑉𝑑                                                      (II − 9) 
 
4.3.3 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) is a very powerful technique to study the 
electrochemical reactions at the steady-state, often used to estimate the capacitance value, series 
resistance, and more importantly to understand the kinetics and limitations of the electrochemical 
process. One of the great interests to applied EIS in the energy storage filed is that it enables an 
accurate method to distinguish the electrochemical behavior of capacitive, pseudocapacitive, and 
battery-type materials. The current-potential (i-V) relationship can be established by two means in 
EIS tests, one can apply an alternative potential to the systems and record the current response or 
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vice versa. The main advantage of this technique is that it applies small magnitude perturbations to 
the systems and therefore the current-potential relationship reflects the nature of reactions at the 
steady-state and permits a linearization of current-potential characteristics. Also, the EIS 
measurement can be performed over a wide time (frequency) range, from 10-6 to 104 s (106 to 10-4 
Hz). 
In EIS measurement, an alternating sinusoidal potential V with a small amplitude (normally 
5~10 mV) is applied to the working electrode, expressed as: 
𝑉(𝜔) = 𝑉𝑜 sin(𝜔𝑡)                                                      (II − 10) 
where Vo is the maximum amplitude of the alternating potential signal (V), ω is the angular 
frequency in radian per second, with the relation to frequency (f in Hz) of ω = 2 πf. A sinusoidal 
signal of response current would be recorded: 
𝐼(𝜔) = 𝐼𝑜 sin(𝜔𝑡 + 𝜑)                                              (II − 11) 
where Io is the maximum amplitude of response current (A), φ is the phase angle. 






𝐼𝑜 sin(𝜔𝑡 + 𝜑)
                            (II − 12) 
For the sake of calculation simplification, the potential and current can be expresses by a complex 
notation. According to Euler’s formula, the equation II-10 and II-11 can be described as: 
𝑉(𝜔) = 𝑉𝑜 exp(𝑗𝜔𝑡)                                                (II − 13) 
𝐼(𝜔) = 𝐼𝑜 exp(𝑗(𝜔𝑡 + 𝜑))                                      (II − 14) 







exp (−𝑗𝜑)                                (II − 15) 
where Z(ω) is also known as the complex impedance, can also be written as: 
𝑍(𝜔) = 𝑍𝑅𝑒 + 𝑗𝑍𝑖𝑚                                                    (II − 16) 
where ZRe is the real part (also called resistance) and Zim is the imaginary part (also called reactance) 
of the Z(ω). And the impendence modulus |Z(ω)| is written as: 
|𝑍(𝜔)| = √(𝑍𝑅𝑒
2 + 𝑍𝑖𝑚
2 )                                          (II − 17) 
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In EIS measurements, the equivalent electrical circuit is used to study and predict the 
electrochemical cell. There are three ideal electrical components in the equivalent electrical circuit, 
namely resistor, capacitor, and inductor (see Table II-2). For a resistor, its real part of Z called 
resistance (R) and the imaginary part is zero. The real parts of the capacitor and inductor are zero, 
and their imaginary part Zim called capacitance (C) and inductance (L), respectively. 
Table II-2. Basic electrical components. 
Components |Z| ZRe Zim φ 
Resistor R R 0 0 
Capacitor 1/Cω 0 -1/Cω π/2 









Figure II-7. Nyquist plot of (a) pure resistor, (b) pure capacitor, and (c) R-C circuit in Figure II-4.  
 
Nyquist plot is commonly used to present the EIS data, showing the relationship of ZRe vs. Zim. 
The Nyquist plots of an ideal resistor, capacitor, and a R-C circuit (see Figure II-5) are presented in 
Figure II-7. Since the imaginary part of the resistor is zero, the impedance in the whole frequency 
range is the value of real part resistance (Rs), as shown in Figure II-7a. In contrast, the real part of a 
capacitor is zero and the imaginary part of the impedance vertically increased when the EIS is tested 
from high frequency (HF) to the low frequency (LF) range (Figure 7b). For a simplified RC circuit, 
one can observe a resistance behavior at the HF range (intersection point with ZRe axis corresponding 
to the value of Rs), and a capacitor behavior at the LF range (a parallel line with the -Zim axis).  
However, in the real EDLC electrode, porous carbon, for instance, the Nyquist plot is different 
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from the ideal case in the middle-frequency range. The green line in Figure II-8a gives a typical 
Nyquist plot of an EDLC electrode, where a 45o line can be observed in the middle-frequency range. 
This 45o line is corresponding to the electrolyte penetration inside of the porous carbon electrode, 








Figure II-8. (a) Typical Nyquist plot of an EDLC electrode (green curve), a pseudocapacitive electrode (blue 
curve), and a battery-type electrode (red curve.). Example spectra to distinguish the real charge transfer 
resistance (RCT) in pseudocapacitive electrodes (b) and interfacial impedance would lead to constant RCT in 
the case of EDLC electrodes (c). Adopted from ref.7 
 
As mentioned above, EIS can be used to distinguish different kinds of electrochemical 
behaviors. As shown in Figure II-8a, a semi-circle loop at the high-frequency range can be seen for 
the pseudocapacitive electrode (blue line), corresponding to the charge transfer resistance (RCT).
8 
This semi-circle loop can also be obtained in battery-type materials (red line in Figure II-8a), the 
difference is that the RCT in the pseudocapacitive electrode is normally a magnitude smaller than in 
battery-type materials. More importantly, the key difference between the pseudocapacitive electrode 
and battery-type electrode is the impedance signature in the low-frequency range, a vertical (or near-
vertical) line is obtained for pseudocapacitive materials while a 45o line is normally achieved in 
battery-type materials. This 45o line corresponds to the diffusion impedance (also known as Warburg 
impedance), which used in Randle electrical equivalent circuit to study the semi-infinite solid-state 
diffusion behavior.8 
Indeed, the semi-circle loop in the high-frequency range is also reported in some EDLC 
electrodes, which can be explained by the interfacial impedance occurring at the current 
collector/active material interface, instead of the charge transfer resistance.9 Figure II-8b and c offers 
Chapter II Experimental procedures 
77 
 
an example to distinguish the real charge transfer resistance from the interfacial impedance. One can 
run multiple EIS tests at different biased potentials, the real charge transfer resistance usually is 
changing with various potentials (Figure II-8b). While the interfacial impedance would stay in 
constant in different potentials with some differences in the low-frequency range, as shown in Figure 
II-8c.7 









                                              (II − 19) 
where CRe(ω) is the real part of the capacitance. At low frequency, its value corresponds to the value 
measured in CV or GCDD techniques. Cim(ω) is the imaginary part of the capacitance, is related to 
an energy dissipation such ohmic losses and irreversible processes that can lead to a hysteresis.10 
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Chapter III Electrochemical study of pseudocapacitive 
behavior of Ti3C2Tx MXene electrode in aqueous 
electrolytes 
1. Introduction 
As aforementioned in Chapter I, supercapacitors are considered as energy devices that can 
achieve high power delivery. The high power performance of supercapacitors originates from fast 
adsorption/desorption of electrolyte ions into the electrochemical double layer (EDL) formed at 
porous carbon surface, or, alternatively, from fast redox reaction confined at the surface of 
pseudocapacitive materials.1 Pseudocapacitive materials can deliver higher specific energy 
compares to EDLCs thanks to the contribution of surface-confined redox reactions, offering 
opportunities to achieve high power and energy simultaneously. In pseudocapacitive materials, the 
total stored charge process can be conventionally separated into two parts, namely surface (or outer) 
and bulk (or inner) processes. The surface process involves both the electrochemical double-layer 
capacitance and fast, non-diffusion limited faradaic redox reaction if any. On the other hand, the 
bulk process is limited by mass transport (diffusion). It is worth noting ohmic limitations can take 
over the overall electrode kinetic when increasing the current density. 
2D Ti3C2Tx MXenes have been extensively studied as pseudocapacitive electrode materials in 
aqueous systems.2 The deconvolution of surface and bulk processes of Ti3C2Tx MXene electrodes 
could not only help to understand the electrochemical behavior of MXenes but would also be 
beneficial for designing MXene electrodes with improved performance. Therefore, this chapter is 
dedicated to the electrochemical study of the pseudocapacitive behavior of compact Ti3C2Tx 
electrodes in aqueous electrolytes. We proposed a general, qualitative method termed as “multiple-
step chronoamperometry” (MUSCA) in this chapter, which allows for calculating back cyclic 
voltammograms at various potential scan rates while minimizing ohmic limitations, thus making it 
possible the electrochemical kinetic study of the pseudocapacitive electrode over a large range of 
potential scan rates. 
2. Preparation of Ti3C2Tx MXene electrode 
2.1 Synthesis of Ti3C2Tx MXene 
Ti3C2Tx MXene material used in this chapter was synthesized by selectively etching Al from 




Ti3AlC2 from a mixture solution of hydrochloric acid (HCl) and lithium fluoride (LiF).
3 Specifically, 
2 g Ti3AlC3 powder was added gradually to 40 mL of the etchant, which is composed of 40 mL 9 M 
HCl and 2 g LiF powder. After stirring 24 h at 35 ℃, the Ti3C2Tx suspension was centrifuged and 
washed with the DI water until the pH value of the supernatant reached 6. Afterward, the Ti3C2Tx 
sediment was dispersed in DI water, followed by a sonication treatment in an ice bath for 1 h. Then 
the mixture was centrifuged at 3,500 r.p.m for 1 h. The dark supernatant was collected carefully and 
used for preparing freestanding Ti3C2Tx dry film. Specifically, 5 mL of supernatant was vacuum-
filtered by using a celgard separator (see Figure II-1 in Chapter II), resulting in a freestanding 
Ti3C2Tx dry film with a diameter of around 44 mm. 
 
2.2 Characterizations of Ti3C2Tx MXene film 
Figure III-1a shows a photograph of a binder-free Ti3C2Tx dry film obtained by the vacuum-
filtered process. The scanning electron microscope (SEM) image of the cross-sectional view (Figure 









Figure III-1. (a) Optical image of Ti3C2Tx dry film obtained by vacuum filtration with a diameter around 42 
mm; (b) Cross-sectional SEM image of Ti3C2Tx dry film. 
 
X-ray diffraction (XRD) patterns of Ti3C2Tx films and Ti3AlC2 MAX phase were recorded with 
a Bruker D4 diffractometer using a Cu Kα radiation (λ= 0.154 nm) in the range 2θ=5–50° at a step 
rate of 0.06o s-1. Figure III-2 gives the comparison of the XRD patterns of as-prepared Ti3C2Tx 
MXenes and parent Ti3AlC2 MAX phase. The XRD pattern obtained for Ti3C2Tx is consistent with 




the previous report.4 It can be seen that the crystal structure of the MAX phase completely vanished 
after the etching process, and the newborn set of (00l) peaks together with the well-layered structure 
of the cross-section view evidencing the successful preparation of Ti3C2Tx MXene with a layered 
structure. 
 
Figure III-2: XRD patterns of Ti3AlC2 MAX phase and freestanding Ti3C2Tx dry film. 
  




3. Electrochemical techniques for deconvoluting surface and bulk processes 
Many electrochemical techniques have been proposed in the literature for deconvoluting 
surface and bulk processes in energy storage electrodes.5-11 A brief introduction to these methods is 
listed below. 
A first method pioneered by Trasatti et al., which allows distinguishing between ‘outer’ surface 
redox and ‘inner’ redox contributions, has been extended to separate diffusion-limited contributions 
from non-diffusion contributions.5, 12 Considering that i) the inner charge qi in the bulk of electrode 
changes linearly with the square root of the potential scan rate ν-1/2 (diffusion-controlled process) 
and ii) that the outer surface charge qo (C) is independent of the scan rate ν (non-diffusion-controlled 
process), the outer surface charge qo can be obtained from the intercept of the plot of the equation: 
𝑞(𝜈) = 𝑞𝑜 + 𝑐𝑜𝑛𝑠𝑡 ⋅ 𝑣
−1 2⁄                                              (III − 1) 
where q(ν) (in C) is the total charge from a cyclic voltammetry test. On the other hand, when the 
scan rate is low enough, the outer and inner charge supposed to be fully accessed. Thus, total charge 






+ 𝑐𝑜𝑛𝑠𝑡 ⋅ 𝑣1 2⁄                                                (III − 2) 
In this way, the inner charge can be obtained from the difference between qt and qo. However, 
the conductivity of the material and the associated ohmic drop can also significantly affect the 
electrochemical signature under dynamic conditions (at high scan rates during cyclic voltammetry 
tests for instance), leading to a shift of the linear dependence of the experimental charge vs. v1/2. 
Therefore, most of the conventional electrochemical analysis including “Trasatti plot” method gets 
far less accurate when the ohmic drop is not negligible, such as when using solid films of tens of 
µm-thick.  
In addition, Conway et al. analyzed the different electrochemical processes by examining peak 
current (ip) change with potential sweep rate (v): ip increases linear with v, for a surface process, 
while ip changes with v
1/2 for a diffusion-controlled process.6-7 Based on this model, Dunn et al8 
proposed a method based on the deconvolution of the current into capacitive (changing with v) and 
diffusion-limited contributions (changing with v1/2), at each potential, leading to equations III-3 and 
III-4:  
𝑖(𝑣) = 𝑘1𝑣 + 𝑘2𝑣
1/2                                                  (III − 3) 








2+𝑘2                                                (III − 4) 
where i the current (A) and v the potential scan rate (V/s), k1 (As/V) and k2 (A(s/V)
1/2) are two 
proportionality constants. k1 and k2 can be calculated by using equation III-4 by plotting the current 
versus v1/2 and the capacitive (k1v) and diffusion-limited contributions (k2v
1/2) can be obtained at 
each potential at various scan rates. However, as mentioned before, the linear relationship of 
equation III-4 is no more valid at high scan rates when ohmic drop (iR) cannot be neglected (because 
of high current), which leads to a distorted cyclic voltammograms.7, 13 
Recently, another method called SPECS (for Step Potential Electrochemical Spectroscopy) was 
proposed by Donne et al. to separate the diffusion-limited process from an electrical double-layer 
contribution.9 An equation combining diffusion-limited redox current (id), surface-related capacitive 
current (iDL1), porous surface area capacitive (iDL2), and residual current (iR) contributions was 
proposed to fit the current response following the application of a potential step ΔE: 















+ 𝑖𝑅    (III − 5)  
where RS1, RS2 (resistance, in Ω) CDL1, CDL2 (capacitance, in C), constant B, and residual current iR 
(in A) are fitted parameters obtained by linear least-squares regression. Mathematically, the current 
response at any potential steps can be perfectly fitted by this equation. The contributions of both 
capacitive, diffusion-limited, and parasitic redox reactions (residual current) can be identified, thus 
making SPECS an interesting tool to study redox reactions and charge storage mechanisms. 
However, the important number of variables makes the resolution of the equation III-5 complex, 
with the possibility of a non-unique solution. Also, these theoretical equations are often not enough 
to take into account the complex electrochemical answer, which leads to an even more intricate 
equation. Although the SPECS method offers an interesting and promising approach to study the 
charge storage mechanisms at faradic and capacitive electrodes, further efforts are needed to build 
up the connection between the physical process and mathematical model.  
Besides the cyclic voltammetry-based method, Long et al. recently suggested another 
interesting electrochemical technique to analyze the relative contributions of total charge by 
extracting frequency-dependent information from electrochemical impedance spectroscopy 
measurements. A three-dimensional Bode plot analysis allows for deconvoluting the capacitance 
change vs. frequency and potential, thus offering an interesting way to distinguish between 
capacitive processes (double-layer and pseudocapacitive) and diffusion-limited processes (battery-




like) in LiMn2O4 material.
10 
This chapter select Dunn’s method to deconvolute surface and bulk processes of the Ti3C2Tx 
MXene electrode in various aqueous systems, including acidic (H2SO4), alkaline (KOH), and neutral 
(K2SO4) electrolyte. This one-dimensional (1D) diffusion model was considered in this work 
because both electric field and electrolyte concentration gradients are assumed to be perpendicular 
to the electrode at the macroscopic and time scales of the measurements (1 to 100 s). 
  




4. Electrochemical characterizations of Ti3C2Tx in acidic electrolyte 
4.1 Cyclic voltammograms of Ti3C2Tx MXene electrode in H2SO4 electrolyte 
According to equations III-3 and 4, the i-v relationship is needed to apply Dunn’s method, 
which commonly recorded by cyclic voltammetry techniques. 
Electrochemical tests were achieved using 2-electrode set-up in Swagelok cells using 2 mm-
diameter disks of Ti3C2Tx dry films (mass-loading of 2.2 mg cm
-2) as working electrode (WE) and 
an over-capacitive YP50F film (≈ 20 times) as both counter (CE) and reference electrodes (RE). 
First of all, the electrochemical stability of the CE has been checked in a separate series of 
experiments with conventional 3-electrode systems, where a MXene electrode as WE, an over-
capacitive YP50F film as CE and a Hg/Hg2(SO4) as RE, respectively. Figure III-3a shows the 
potential change of the CE during the CV experiment. The potential of the overcapacitive CE (vs. 
RE) stays stable during the polarization of the cell since only a very slight change was observed (see 
Figure III-3a). In these experiments, the cell voltage was controlled in the 0 to -1 V voltage range 
and the WE potential change from -0.1 V to -1.1 V (vs. RE). This validates the use of an 
overcapacitive YP50F counter electrode as both the counter and reference electrode. Therefore, we 









Figure III-3: (a) Working electrode (WE) and counter electrode (CE) potentials change vs. time during CV 
recorded at 5 mV/s. (b) Cyclic voltammograms plots of a Ti3C2Tx MXene film in 3 M H2SO4 electrolyte at 
various scan rates. The potential refers to the over-capacitive YP50F porous carbon counter electrode. 
 
Figure III-3b presents the experimental cyclic voltammetry plots recorded from 2 to 100 mV s-




1 between -0.9 V (vs. RE) to OCV (-0.05 V vs. Re), which are similar to previous results reported 
in the same electrolyte.14 The Ti3C2Tx MXene specific capacitance reaches 360 F g
-1 in 3 M H2SO4 
at a scan rate of 2 mV s-1. The pair of redox peaks visible at -0.7 V originate from the 
pseudocapacitive behavior of MXene based on the redox activity of Ti,14-15 which explains the slow 
kinetic at -0.7 V as well.  
A key feature of the CVs is the drift of the anodic peak potentials to higher potential with 
increasing potential scan rates. This peak shift with increasing potential scan rate in CVs can be 
ascribed to slow intrinsic electrochemical kinetics of the electrode or/and to ohmic limitation, since 
increasing the potential scan rate results in a current increase. We also noticed that there is no such 
behavior observed for the cathodic peaks, which indicates that the origin of the kinetic limitations 
in the reduction process is different from anodic. As aforementioned, such ohmic limitation makes 
it difficult to study the electrochemical kinetics by itself with the potential scan rate. Therefore, in 
order to reduce the ohmic limitations and to get a more reliable i-v relationship, a workaround would 
be to use a quasi-steady state technique: instead of using a continuous linear voltage ramp or fast 
staircase voltammetry a quasi-steady state voltage staircase could be an elegant way to reach this 
purpose. 
In a first step, we remind how the ohmic limitations originate in the CV tests. For a capacitive 
cell (a resistance and a capacitance in series), the relationship between the actual potential VΩ (V) 
experienced by the electrode (i.e. the capacitance) and the applied potential Vapp (V) (i.e. the voltage 
applied to the RC cell) can be given: 
𝑉Ω = 𝑉𝑎𝑝𝑝 − 𝑖𝑅                                                      (III − 6) 




𝑒−𝑡 𝑅𝐶⁄                                                       (III − 7) 
The VΩ can then be given as: 
𝑉Ω = 𝑉𝑎𝑝𝑝 ⋅ (1 − 𝑒
−𝑡 𝑅𝐶⁄ )                                    (III − 8) 
where 𝑡 is time (s), i is the response current. Under high potential scan rates (short time), the whole 
CV tests experience a short measure time and high current density, leading to significant ohmic 
drops. Figure III-4a shows the voltage changes versus time in a CV experiment using commercial 
potentiostats. The black line (Vapp) defines the ideal V-t potential ramp of the WE during the CV test. 
Practically, the equipment generates a staircase potential of small amplitude (blue line, Vstep) for a 




very short time. In each potential step, the iR drop has an inevitable impact on the actual voltage, 
especially under a high scan rate. For a constant R, the real voltage change of the working electrode 
follows the green line (VΩ) instead of the Vapp (see Figure III-4a). The resistance of the cell is not 
constant when some redox reactions are involved. In this case, the actual voltage changes VΩ across 
the electrode (the capacitance) with variable R is presented in Figure III-4b. The differences between 








Figure III-4: Actual voltage across a R-C cell with constant R (a) and variable R (b). 
 
In order to minimize the effect of the ohmic drop, the ohmic-compensation method is 
commonly employed in CV tests using a positive feedback method. In short, it consists of applying 
an extra ∆𝐸 to the desired control potential to compensate for the ohmic drop occurring across the 
cell. Since at the interface, we got: 
𝐸𝑎𝑝𝑝 = 𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + 𝑖𝑅                                ( III − 9) 
To compensate for the ohmic drop, so to achieve 𝐸𝑎𝑝𝑝 = 𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒, 𝐸𝑎𝑝𝑝
′  is applied: 
𝐸𝑎𝑝𝑝
′ = 𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 + 𝑖𝑅                              (III − 10) 
where: 
𝐸𝑎𝑝𝑝
′ = 𝐸𝑎𝑝𝑝 + ∆𝐸                                     ( III − 11) 
Thus, to compensate the potentiostat applies on-fly for each potential: 
∆𝐸 = 𝑖𝑅                                                 ( III − 12) 
The simplest way is to measure the series resistance once for all at the beginning of the 




experiment; a more refined way is to measure the series resistance all along with the scan. In both 
cases, in electrochemical capacitor systems, cyclic voltammetry experiments achieved at fast scan 
rates will result in a fast current transient due to the charging/discharging of the double layer, as 
described in equation III-7. This leads to current oscillations at high potential scan rates, which limits 
the use of this kind of ohmic-compensation technique. Hence, we dedicated in this present chapter 
to seek an alternative way to minimize the effect of the ohmic drop in the i-V relationship. 
 
4.2 Multiple-step chronoamperometry (MUSCA) technique in acidic electrolyte 
The advantage of the MUSCA technique is to minimize the ohmic contribution since each new 
potential step n is achieved after reaching the full steady-state at minimum current at step (n-1). 
Most of today’s potentiostats are digital, which implies a basic cyclic voltammetry experiment is 
achieved by using a staircase ramping potential (Figure III-4a). It consists of small amplitude 
potential steps during a very short time - for instance, 0.1 mV step for 5 ms - corresponding to 20 
mV s-1.16 A similar linear increase of both the potential step and time step sizes should not change 
the scan rates (v = dE/dt). Differently from classical CV, a very large step time of 120 s is used in 
the MUSCA technique instead of tiny changing time scales, whatever the potential step height was 
(25, 50, 100 mV). Therefore, within a single potential chronoamperometry measurement, the current 
corresponding to the potential step can be calculated at different scan rates according to:  






                                                        (III − 14) 
where 𝑖 is mean current (mA), ΔV is potential step amplitude (V), Δt is the selected time (s), and i 
is the response current in each potential step (mA). For example, a 100 mV potential step for a 
duration of 120 s offers a minimum scan rate of 0.83 mV s-1 or larger like 10 mV s-1, if we consider 
only the first 10 s. 
Potential step amplitude is the most crucial factor for the MUSCA technique. To select the best 
potential step amplitude, MUSCA measurements were carried out during both cathodic and anodic 
sweeps between -0.9 to 0 V (vs. Hg/Hg2SO4) using various potential steps of 25, 50, and 100 mV 
with a fix step duration of 120 s. Specifically, for a typical MUSCA characterization of the Ti3C2Tx 
electrode with a step size of 100 mV, the WE was firstly held at 0V vs. Ref to reach equilibrium. 
Then series of potential steps of -100 mV amplitude with a duration of 120 s was applied to the WE 




to explore the cathodic potential range until reaching the negative potential limit defined as -0.9 V 
(vs. RE). Afterward, a similar process with a step size of +100 mV was applied to scan the anodic 
potential range back to 0 V (vs. Ref). The current change was recorded as a function of time for each 
potential step during 120 s that is until a constant current was reached, as presented in Figure III-5a. 
Figure III-5b shows an example of the current change with time during potential steps at -0.2 V (vs. 
RE) and -0.7 V (vs. RE); both current response decay to nearly zero. A faster current decrease was 









Figure III-5: (a) Complete data set for MUSCA test, and (b) expanded plot of the i-t response for a 100 mV 
potential step. All data collected in 3 M H2SO4. 
 
This is the main upside of the MUSCA method (according to equation III-9): the potential at 
the interface (𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒) for each potential step turns to be equal to the applied potential (𝐸𝑎𝑝𝑝). 
Figure III-3b shows a rectangular-shaped CV in the -0.05 to -0.2 V (vs. RE) potential range, 
indicating a capacitive behavior. For capacitive behavior, the relationship between the current and 
the scan rate can be described by: 
log 𝑖 = 𝑏 log 𝑣 + log 𝑎                                    (III − 15) 
where a and b are adjustable parameters. We applied three potential steps of 25, 50, and 100 mV at 
the potential located in the capacitive region, which is -0.2 V (vs. RE). The mean currents and scan 
rates at this potential were calculated according to equations III-9 and III-10 and plotted in Figure 
III-6. 












Figure III-6: Mean current versus scan rate at -0.2 V (vs. RE). (capacitive region, Figure III-3b) with 
potential step sizes of 25, 50, and 100 mV, respectively. 
 
At this potential -0.2 V (vs. RE), the current is purely capacitive and should change linearly 
with the potential scan rate (b=1)17: this is what is observed in Figure III-6 for all potential steps in 
a narrow scan rate range between 1 and 10 mV s-1. Interestingly, Figure III-6 also shows that the 
shift to linearity is different from a potential step to the other, as a consequence of the calculation of 
the potential scan rate. Best results were obtained for the higher potential step (100 mV), with a 
linear behavior preserved up to 100 mV s-1. It should be noted that a potential step size larger than 
100 mV can be better but would give a limited number of data points within a potential window of 
1 V. Therefore, a potential step size of 100 mV was selected as the best compromise to run the 
























Figure III-7: (a) Calculated CV plots from the MUSCA measurements achieved with a potential step size of 
100 mV in 3 M H2SO4. (b) CV plots from CV measurements, taken from Figure III-3b for comparison. 
 
Indeed, for a step size of 100 mV, the potential range of 0.0 to -0.9 V (vs. RE) gives only a few 
data points for the one discharge/charge cycle, which is not enough to rebuild a CV plot. In this case, 
five measurements were done starting at different initial potentials (0.0, -0.02, -0.04, -0.06, and -
0.08 V vs. RE) to collect more data points at more potentials, to calculate the CV plots. Figure III-
7a shows the calculated CVs based on MUSCA measurements. The key difference between 
experimental CVs (Figure III-7b) is the small peak shift with the potential scan rate in the calculated 
CVs. This feature highlights the main benefit of using the MUSCA method, which can provide more 
accurate i-v function data for electrochemical kinetic studies. Indeed, a peak shift in CV plots 
recorded at various potential scan rates can be ascribed to ohmic drop or slow intrinsic kinetics of 
the electrode itself.18 In MUSCA measurements, a considerable time scale enables response current 
decays to close to 0 before the move to the next chronoamperometry measurement, with shallow 
residual current from the previous potential step. While for the experimental CV test, especially at 
high scan rates, the very short time scale is not enough for the response current to decrease down to 
about 0; thus the observed current at each potential contains a residual current contribution from the 
previous step which accumulates step after step during the experiment. As aforementioned, these 
residual currents emphasize the ohmic drop effect greatly at high scan rates and result in the current 
peak shift.  
 




4.3 Deconvoluting surface and bulk processes of MXene electrode in acidic electrolyte 
We further applied Dunn’s method to distinguish between the surface and bulk processes of 
Ti3C2Tx MXene electrode in 3 M H2SO4 electrolyte by using the more accurate i-v function obtained 
from the MUSCA method. As mentioned, the anodic peak drift with the increasing scan rates has 
been drastically decreased so that the obtained corrected cyclic voltammogram can now be used to 
achieve reliable kinetic analysis, with almost no more ohmic contribution. According to equation 
III-3, deconvoluting the values of k1 and k2 at each potential allows for splitting the total current into 
the surface (linear change with v), and bulk (linear change with v1/2) processes contributions. By 
determining k1 and k2 from equation III-4, the fraction of the current corresponding to k1v and k2v
1/2 
at each potential can be calculated. Surface process (orange shaded area) and bulk process (black 
line shaded area) currents are calculated at the scan rates to a range of 2 to 100 mV s-1, and the fitting 
results at the scan rate of 20 mV s-1 and 2 mV s-1 were exampled in Figure III-8. As observed, the 
surface process contributed 67%, and 39% of the total charge at 20 mV s-1 and 2 mV s-1, while the 









Figure III-8: Surface and bulk current contributions to the total charge at the potential scan rates of (a) 20 
mV s-1 and (b) 2 mV s-1. The data were collected and calculated from MUSCA measurement in 3 M H2SO4 
electrolyte. 
 
The proportion of surface versus bulk processes at various scan rates is presented in Figure III-
9. As expected, the capacitive charge storage dominates at a higher scan rate, while the bulk process 
charge storage predominates at the low scan rate. 





Figure III-9: Summary of surface and bulk process contributions to the total current in 3 M H2SO4 electrolyte 
at various scan rates. 
  




5. Electrochemical characterizations of Ti3C2Tx in alkaline and neutral 
electrolyte 
5.1 MUCSA technique combined with Dunn’s method in KOH electrolyte 
A similar MUSCA procedure was also achieved to characterize the Ti3C2Tx electrode in 1 M 
KOH alkaline electrolyte. MUSCA technique was performed by using a similar procedure and 
parameters such as described in the previous section: a potential step of 100 mV was used and the 
















Figure III-10: (a) Cyclic voltammograms plots from the realistic CV experiment; (b) calculated CV plots 
form the MUSCA measurement. The proportion of surface process and bulk process contributions to the total 
charge at scan rates of 20 mV s-1 (c) and 2 mV s-1 (d). All data collected in 1 M KOH electrolyte. 
 
Experimental (Figure III-10 a) and calculated CV plots from the MUSCA technique (Figure 




III-10 b) exhibit similar shapes, further validating the MUSCA technique. The Ti3C2Tx MXene 
electrode shows a specific capacitance value of 135 F g-1 at a scan rate of 2 mV s-1. The total charge 
was split into two contributions, following Dunn’s method, as described in equation III-3. Figure 
III-10 c and d show the contributions of the surface process (no diffusion limitations) and bulk 
process (diffusion limitations) at scan rates of 20 mV s-1 and 2 mV s-1. At a scan rate of 20 mV s-1, 
the surface process contributing 68% of the total charge, while the bulk process accounts for 32%. 
In terms of a lower scan rate of 2 mV s-1, the surface process down to 40% and the bulk process 
raises to 60%, thus confirming the high rate capability of the MXene electrode in KOH electrolyte. 
 
Figure III-11: Summary of surface and bulk process contributions to the total current in 1 M KOH electrolyte 
at various scan rates. 
 
Figure III-11 summarizes the ratio of the contributions of the two processes versus the potential 
scan rates. Interestingly, similar trends were observed in 1 M KOH and 3 M H2SO4, while the 
electrochemical reactions in Ti3C2Tx MXene materials were found to be quite different in acidic and 
alkaline electrolytes. As mentioned above, the Ti3C2Tx MXene specific capacitance reaches 360 F 
g-1 in 3 M H2SO4 and 135 F g
-1 in 1 M KOH at the scan rate of 2 mV s-1, respectively. High 
capacitance in sulfuric acid is achieved thanks to the electrochemical redox reaction involving the 
change of titanium oxidation state accompanied by protonation of oxygen functional groups. The 
current increase at the low potential in alkaline electrolyte suggests that a part of the charge is stored 
by a redox reaction that could involve Ti atoms19 and/or possibly H2O reduction and H2 trapping 
such as proposed in porous carbons by Beguin et al.20 




5.2 MUCSA technique combined with Dunn’s method in K2SO4 electrolyte 
MUSCA procedure was also employed similar MXene electrode in 0.5 M K2SO4 neutral 
electrolyte, using the same parameters. CV plots are presented in Figure III-12 a, where a rectangular 
shape can be observed, indicating a capacitive behavior of Ti3C2Tx MXene in neutral electrolyte. 
CV plots calculated from the MUSCA technique are shown in Figure III-12 b. A similar rectangular 
shape is observed, once again evidencing the capability of the MUSCA technique for calculating 
back the CV plots. Small current oscillations are observed at -0.1 V vs. YP50F. To collect the data 
at -0.1 V vs. YP50F using a potential step of 100 mV, the electrode was polarized at 0 V vs. YP50F, 
that is where the oxidation reaction starts, explains the slighter current instability. By determining 
k1 and k2 from Dunn’s method, the contribution of the surface and bulk processes to the total charge 
was obtained at various scan rates and exampled in Figures III-12 c and d. The surface process 














Figure III-12: (a) CV plots from the CV experiment; (b) calculated CV plots form the MUSCA technique. 
The proportion of surface process and bulk process contributions to the total charge at scan rates of 20 mV s-
1 (c) and 2 mV s-1 (d). All data collected in 0.5 M K2SO4 electrolyte. 




Figure II-13 gives the ratio of the contributions of the two processes in the full potential scan 
rate range. Differently from the results obtained in acidic and alkaline electrolytes, the surface 
process in neutral electrolyte dominates the MXene electrode kinetics at both high and low scan 
rates. Such a result is consistent with the capacitive signature (rectangular shape) of the CV plots, 
showing that most of the current comes from the electrochemical double layer contribution.  
 
 
Figure III-13: Summary of surface and bulk process contributions to the total current in 0.5 M K2SO4 
electrolyte at various scan rates. 
  




6. Applicability of MUSCA method 
A paper based on the aforementioned results which studied the electrochemical kinetics of 
Ti3C2Tx MXene electrodes in aqueous electrolytes by combining MUSCA and Dunn’s approach was 
published in the journal Energy Storage Materials,21 and later on draw criticisms from Costentin et 
al.22, claiming quoted “MUSCA severely distorts the CV responses, opening the way to dangerous 
artifacts in the interpretation of experimental data.”  
 
 
Figure III-14. Plot of linear sweep voltammetry charging of a RuCd = 2 s of a RC circuit at 25 (red), 50 
(green), and 100 (blue) mV/s. Horizontal lines correspond to MUSCA in/Cdv with a potential step of 25 mV. 
Adapted from ref20. 
 
In ref.22, Costentin et al. examined the MUSCA method based on mathematical models by 
applying a potential step of 25 mV which leads to a smaller mean current value (see Figure III-14) 
and then asserts that the MUSCA method leads to distortion of CV plots.20 First of all, the shape of 
CV plots calculated from the MUSCA method in Figure III-8, III-10, and III-12 look similar enough 
to these CV plots obtained from the experimental CV tests, which clearly rebuts the assertion 
“MUSCA severely distorts the CV responses”. Moreover, as we clearly evidenced in Figure III-6, 
one of the key parameters of the MUSCA method is the definition of the height of each potential 
step, and we clearly showed a 25 mV potential step is too small to achieve realistic results. The same 
calculation done with a potential step of 100 mV (same amplitude as we used in this project) using 
equations in ref.22 leads to a mean current value (in/Cdv) up to 98% of the total current, which clearly 




shows that the assertion from Figure III-14 based on the potential step of 25 mV is totally incorrect 
regarding the applicability of MUSCA method.  
Another important concern is that the mathematical model proposed by Costentin et al. 
describes an ideal case - flat, planar electrode - which does not take into consideration the volume 
distribution of the reactive sites inside the bulk of a realistic electrode. Indeed, electrodes used for 
energy storage applications are constituted by a current collector covered with tens of micrometer 
thick porous films. As a result, there is a potential distribution within the volume of these porous, 
thick electrodes which drives the electrochemical performance such as established by de Levie 40 
years ago, with his famous “De Levie model”.23-24 Differently, the set of equations proposed by 
Costentin et al. only applies to an ideal case, i.e. a flat, planar, metallic electrode surface uniformly 
accessible to the ions, with the uniform potential distribution. Such an ideal situation is unlikely to 
occur in thick, porous (bulk) electrodes used for energy storage applications and the set of equations 
they propose is too simplistic to correctly describe such a complex situation. Instead, the constant 
uncompensated resistance Ru and constant capacitance C used by Costentin et al. in their equations 
should be replaced with a variable resistance Rvar and a non-constant capacitance Cvar both 
depending on the potential scan rate to depict the situation in a realistic way. 
Recently, Pilon et al. recently reported a theoretical validation of the MUSCA method by using 
a continuum modified Poisson-Nernst-Planck model coupled with Frumkin-Butler-Volmer theory 
to a pseudocapacitive electrode.25 Differently from Costentin et al., they introduced a potential 
distribution within the thickness of the electrode in their simulations. They observed that the redox 
peaks in CV plots calculated from the MUSCA method were almost aligned in a wide range of scan 
rates (0.1 to 5 V s-1), which is similar with our experimental observation in Figure III-7a, confirming 
that the effect of ohmic polarization and residual current was minimized by MUSCA method which 
allows the response current to fully decay to the equilibrium conditions at each potential step.25 They 
further deconvolute the capacitive and diffusive current densities based on the CV curves derived 
from the MUSCA method by adopting k1, k2 analysis and found that the results are in good 
agreement with the EDL and faradaic current densities reconstructed from the MUSCA method.25 
Therefore, the applicability of our MUSCA method was confirmed from more realistic numerically 
simulations. 
Finally, in order to further confirm the applicability of the MUSCA method, we applied the 
MUSCA method with the same parameters to a capacitive porous carbon electrode in 1-Ethyl-3-
methylimidazolium tetrafluoroborate (EMImBF4) ionic liquid electrolyte (see Figure III-15a and b) 




with the same success, including the successful simulation of the minimum capacitance around 0.25 
V (vs. Ag wire). The calculated CVs are well consistent with the experimental CV plots, which 










Figure III-15. (a) Cyclic voltammograms plot from the realistic CV experiment; (b), Calculated CV plots 
form the MUSCA measurement. All data collected using porous carbon as working electrode in EMImBF4. 
The MUSCA method was able to reproduce the minimum capacitance around 0.25 V (vs. Ag wire). 
  





In this chapter, Ti3C2Tx MXene was successfully prepared by removing Al atoms of the Ti3AlC2 
MAX phase. Then electrochemical studies were carried out to kinetically understand the 
pseudocapacitive behavior of compact Ti3C2Tx MXene electrodes in aqueous electrolytes, including 
acidic (3 M H2SO4), alkaline (1 M KOH), and neutral (0.5 M K2SO4) electrolytes.  
A multiple potential step chronoamperometry (MUSCA) method was proposed to calculate CV 
plots of MXene materials at various scan rates, and two key parameters in this technique, namely 
potential step height and duration time, were discussed. MUSCA allows for building back the CV 
plots by minimizing the effect of ohmic drops arising from high currents at the high potential scan 
rate. The calculated CV plots of Ti3C2Tx MXene in aqueous electrolytes using the MUSCA method 
show a similar shape compared to experimental ones, allowing kinetics study of the charge storage 
mechanism. Using B. Dunn’s approach, the contributions of the surface and bulk processes to the 
total charge in the MXene electrode were obtained by determining k1 (surface process) and k2 (bulk 
process) constants. As expected, fast, non-diffusion limited surface processes dominate at a high 
scan rate while the bulk, diffusion-limited processes take over at a low scan rate. In acidic and 
alkaline electrolytes, a similar trend was observed, while the surface process dominates the whole 
potential scan rate range in the neutral electrolyte. Apparently, the nature of the electrolyte affects 
the capacitance, the electrochemical kinetics as well as the charge storage mechanism.  
A debate about the applicability of the MUSCA method was raised by Costentin et al., which 
was later rebutted by additional experimental results and another theoretical simulation work25. The 
MUSCA method relies on minimizing the potential distribution inside the volume of the electrode 
during the step, to reach a homogeneous state of charge at the end of each potential step. Then, 
potential step height and step time have to be carefully selected to get reliable and valid results; once 
that done, the MUSCA tool offers interesting ways to build back CVs from realistic experiments. 
Therefore, the proposed MUSCA method can be used as an efficient tool to study the 
electrochemical behavior of electrodes, thus helping the development of electrochemical energy 
storage devices.  
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Chapter IV Unraveling the charge storage mechanism 
of Ti3C2Tx MXene electrode in acidic electrolyte 
1. Introduction 
Ti3C2Tx (Tx= -F, -O, -OH), the firstly reported and most studied MXene to date has been proved 
to be a suitable material for cation intercalation between MXene layers in aqueous electrolytes, 
where high volumetric capacitance could be achieved.1-2 In particular, Ti3C2Tx hydrogel films in 
H2SO4 electrolyte reached a record volumetric capacitance of 1,500 F cm
-3 (at 2 mV s-1); still 
delivering 800 F cm-3 at a scan rate of 1 V s-1 (see Chapter 1, Figure I-14b).3 Following these exciting 
performances, numerous works have been dedicated to the understanding of the charge storage 
mechanisms of MXenes in various aqueous electrolytes, including acidic electrolytes where the 
highest capacitance was obtained, but the picture remains incomplete.1,4-12  
Experimental and computational approaches have been proposed in the literature to study the 
electrochemical behavior of a Ti3C2Tx electrode in H2SO4 electrolyte. In situ X-ray absorption 
spectroscopy (XAS) measurements have shown a change in the oxidation state of Ti during the 
electrochemical in the H2SO4 electrolyte, evidencing a pseudocapacitive charge storage mechanism 
based on the change of the redox state of Ti as a result of proton intercalation (see Figure IV-1a and 
b).5 Besides, a protonation of oxygen functional groups was suggested by in situ Raman 
spectroscopy6 via reversible bonding/debonding reactions between hydronium ions and oxygen 
functional groups during the reduction/oxidation process. Using the same technique, they further 
demonstrated that high content of -O surface terminations provide more active sites for proton 
bonding/debonding.13 Recently, in situ XRD technique was used to track the change of the interlayer 
distance in Ti3C2Tx layers upon H
+ intercalation; results showed an expansion/shrinkage of MXene 
interlayer spacing during charge/discharge.8 This volumetric change of the electrode during 
electrochemical cycling could explain the diffusion-limitation behavior observed with a stacked 
Ti3C2Tx electrode.
9 In addition, how the confined water present between the MXene layers affect 
the pseudocapacitive behavior was also discussed in other works.13-15 It has been suggested that 
more H2O molecules intercalated between the Ti3C2Tx interlayers enable more proton ions to have 
access to active sites, leading to higher capacitance.13 The reactivity at the Ti3C2O2/water interface 
(assuming -O as the Tx termination groups) was investigated by using first-principles molecular 
dynamics simulations. The simulation results suggested a rapid surface redox involving proton 




intercalation and a fast proton transfer process via water confined in-between the MXene layers, 
contributing to the high-rate performance of MXenes in acidic electrolytes.15 A similar proton 













Figure IV-1. (a) Ti K-edge X-ray absorption spectroscopy spectra of Ti3C2Tx electrode at constant potentials 
of -0.4 V (blue line) and -0.1 V (green line), and spectra from TiO (red line) and TiO2 (black line). (b) Average 
Ti oxidation state in Ti3C2Tx MXene at various constant potentials, based on the Ti K-edge energy shift using 
the reference K-edge energy shifts of TiO and TiO2. a and b are adopted from ref5. (c) Schematic illustration 
of the in situ Raman test of Ti3C2Tx electrode at two biased potentials, showing the bonding/debonding 
reaction process.6 (d) A simulation work shows the proton surface redox rate constant and proton diffusion 
coefficient as a function of water layer in-between the MXene layers.15 
 
In this chapter, we have combined experimental analyses and molecular dynamics (MD) 
simulations to further study the pseudocapacitance charge storage mechanism of a Ti3C2Tx MXene 
electrode immersed in H2SO4 electrolyte. Three types of MXene electrodes were tested in this 
chapter, namely pristine Ti3C2Tx MXene (noted as P-MXene), MXene annealed at 500 
oC (noted as 
500-MXene) and 600 oC (noted as 600-MXene), to study the influence of the nature of the surface 
groups. Our results confirm the redox nature of the charge storage mechanism, involving Ti valence 




change during the charge/discharge process, while the capacitive current from EDL cannot be 
neglected. The results also suggest a fast proton transfer through water molecules confined in-
between the MXene layers. The role of the presence of -OH termination groups in the redox 
pseudocapacitive process has been studied by MD simulations, conducted with a realistic model 
using the composition (Ti3C2O0.9F0.8(OH)0.3). They confirmed the experimental results by showing 
that the hydrogen-bonded water network in-between the MXene layers plays a key role in the redox 
reaction of the Ti3C2Tx in H2SO4 electrolyte. 
  




2. Preparation of Ti3C2Tx MXene electrodes 
2.1 Synthesis of pristine Ti3C2Tx MXene 
Pristine Ti3C2Tx material was prepared with a similar etching method in Chapter III, but with 
different post-etching treatment. Firstly, Ti3C2Tx was prepared by removing the Al atom layers from 
the Ti3AlC2 MAX phase in an etching solution of HCl and LiF, which similar to Chapter III and the 
previous report.2 Specifically, 2 g LiF salt dissolved in 40 ml of 9 M HCl was served as the etchant, 
then 2 g of Ti3AlC2 powder was slowly added into the etchant. After string 48 h at 35 
oC water bath, 
the obtained multiple-layer Ti3C2Tx suspension was centrifugated and washed with deionized water 
for several times until the suspension pH reaches 6. Then, the delamination of Ti3C2Tx was achieved 
by sonication for 1 h in an ice bath, with the bubbling of N2 gas. Afterward, the obtained mixture 
was centrifugated for 1 h at 3500 r.p.m. The dark supernatant was obtained as the suspension which 
composed of single-layer Ti3C2Tx MXenes. The MXene suspension was then dried via a freeze-
drying method. The obtained Ti3C2Tx powder was mixed with deionized water and used for 










 Figure IV-2. (a) Cross-section SEM image of P-MXene film. (b) XRD patterns of Ti3AlC2 MAX phase and 
Ti3C2Tx MXene. 
 
The cross-section morphology of P-MXene film was obtained by SEM and presented as Figure 
IV-2a, where 2D layered structure belongs to MXene materials is observed. The XRD patterns of 
Ti3AlC2 MAX phase and Ti3C2Tx MXene were recorded by D4 diffractometer in a similar manner 




as we have described in Chapter III. As shown in Figure IV-2b, the disappearance of the 
characteristic peaks of the Ti3AlC2 MAX phase after the etching and a new set of (00l) peaks together 
with the well-layered structure in SEM image evidencing the formation of Ti3C2Tx MXene phase.
16 
It is worth noting the (002) peak position of P-MXene at 6.94o corresponds to a c lattice parameter 
(c-LP) of 25.5 Å.  
 
2.2 Thermal treatment of pristine Ti3C2Tx MXene film 
Previous reports revealed that the surface of MXene films prepared by etching from LiF/HCl 
solution mainly contains -O, -OH and -F termination groups (noted as Tx), and their proportions 
depend on the synthesis conditions.17-18 Besides, the interlayer distance of MXenes layers reflects 
the presence of intercalated water molecules or cations.19-20 To get further insights into the role of 
those water molecules and the surface termination groups on the capacitive behavior, annealing 
treatments under inert atmosphere (Ar) were performed to control both the water molecule content 
and the chemistry of surface termination groups. For this purpose, temperature-programmed 
desorption coupled with mass spectrometry (TPD-MS) measurements and in situ XRD experiments 
during heating of the MXene sample were done to track the evolution of c-LP versus the type of 
MXene surface terminations under various annealing conditions. 
 
Figure IV-3. TPD-MS measurements in the temperature range up to 1200 oC. Species marked with asterisks 
were other gases for Ti3C2Tx MXene samples, where no quantification was possible because of the lack of 
standards. 




TPD-MS measurement is used to analyze the surface groups by tracking the desorbed 
molecules from the MXene surface during thermal treatment under an inert atmosphere. The gas 
products generated during the heating process are further analyzed by a mass spectrometer and the 
gas nature and quantity are recorded as a function of applied temperature. The ultra-high sensitivity 
(in the level of parts per billion) over the mass range of 1-300 atomic mass unit is realized by a 
quadrupole system, including a closed ion source, triple mass filter, and Faradic and secondary 
electron multiplier detector systems.21 In this Chapter, TPDMS was conducted under an Ar 
atmosphere flow (100 ml min-1). Ti3C2Tx film was placed in a thermo-balance and heated up to 1200
 
oC at a rate of 10 oC min-1. The resulting decomposition products were monitored by online mass 
spectrometry. Figure IV-3 gives the decomposition of P-MXene in the full temperature range, and 
Table IV-1 lists the details of the analysis. Two substantial weight losses were observed in the 
temperature ranges of 100-600 oC and 800-1000 oC (see Figure IV-3). The first weight loss (between 
100 and 600°C) corresponding to the removal of intercalated water and -OH termination groups, 
while the second one (between 800 and 1000°C) is mainly due to the irreversible structural 
transformation of Ti3C2Tx such as reported in previous studies.
21-22 
 

















Ti3C2Tx 2521 4.5 1626 2.8 238 0.7 187 0.8 
 
From Figure IV-3, it can be seen that the weight loss of P-MXene at 600 oC is mainly due to 
H2O and -OH termination groups. Indeed, the total weight loss of P-MXene at 600 
oC is around 7.1 
wt.%, including 3.9 wt.% of H2O and 2.8 wt.% of -OH termination groups. In other words, the 
weight loss of H2O and -OH accounts for 94% for the total weight loss of up to 600 
oC.  
The change of H2O and -OH content in the 25 – 600°C temperature range (Figure IV-4a) has 
been put in perspective with the change of the interlayer distance of MXenes. To monitor the c-LP 
changes under annealing treatment, in situ high-temperature XRD measurements were performed 
under a N2 atmosphere flow (100 ml min
-1), with an annealing treatment up to 600 oC at a rate of 10 
oC min-1. At each step, the temperature was held at certain values (e.g., 100 oC, 200 oC, etc.) to 
record the XRD patterns. In Figure IV-4b is shown the (004) peak positions of MXene film measured 




for various annealing temperatures: c-LP dramatically decreases when the temperature increases 
from RT to 300 oC; further annealing up to 600 oC only results in slight shrinkage. As observed, 
water is almost fully removed at 300°C while -OH groups at 600 °C. A weight-loss peak is observed 
at about 120°C for water and at 350°C for -OH groups. It turns out the rapid deceased c-LP of the 
P-MXene observed previously in situ XRD at 300 oC can then be associated with the removal of 










Figure IV-4. (a) TPD-MS measurement of Ti3C2Tx MXene film in the temperature range up to 600 oC. The 
gas evolution in μmol/g/s is obtained after quantification for H2O, and -OH. (b) In situ XRD patterns during 
heating of Ti3C2Tx MXene film. The shift of (004) peaks to a higher degree indicates the shrinkage of the 
MXene interlayer distance. 
 
Regarding the dehydration mechanism, previous reports23-24 have proposed a possible high-
temperature reaction where the H2O loss is due to the decomposition of –OH groups. However, the 
observed shrinkage of c-LP (~1 Å) when purging N2 overnight at room temperature (Figure IV-4b) 
supports the removal of H2O in-between the MXene layers. Also, most of the dehydration process 
takes place at below 200 oC, while a previous NMR study revealed that the MXene drying below 
200oC under vacuum does not change the content of -OH terminations18. Hence, we believed the 
dehydration in our case is more likely achieved by the removal of pre-intercalated H2O, as described 
by Seredych et al.21 
Previous studies about the chemical and thermal stability of Ti3C2Tx MXene in various 




conditions suggested that the 2D nature and composition of titanium carbide were not affected by 
annealing treatment up to 600 °C.21-22,25 To further confirm the absence of structural degradation of 
P-MXene up to 600 °C, two different samples annealed at 500 oC and 600 oC were characterized 
using several techniques. From Figure IV-5a and b (SEM images), it can be observed the layered 
morphology is well maintained for 500-MXene as well as for 600-MXene. Moreover, the typical set 
of (00l) peaks characteristics of 2D MXenes were still observed in the XRD patterns (Figure IV-5c), 
indicating the maintenance of the MXene structure after annealing treatment. Furthermore, Raman 
spectroscopy was also used to examine the thermal stability of Ti3C2Tx MXene. The Raman spectra 
of these three samples are presented in Figure IV-5d. The data collected for P-MXene is in agreement 
with the previous reports,26 as shown in Figure IV-5d, that is showing a distinct sharp peak around 
200 cm-1 correspondings to A1g (Ti, O, C) out-of-plane vibration and a set of broad peaks at around 
380 and 580 cm-1 assigned to the Eg in-plane vibration model of C and Tx species.
24 No noticeable 
changes were evidenced by Raman spectra. Therefore, it can be assumed that annealing treatment 
under inert atmosphere (Ar) up to a temperature of 600 oC does not degrade the 2D structure and 
chemical composition of titanium carbide. Instead, the content of pre-intercalated H2O and -OH 
termination groups can be modified, making thermally-treated Ti3C2Tx MXenes great candidates to 
study the role of H2O and -OH termination groups on the charge storage mechanisms in acidic 
electrolyte. 
In summary, in this chapter, we chose three samples, namely P-MXene, 500-MXene and 600-
MXene, to study the pseudocapacitive charge storage mechanisms of Ti3C2Tx MXene in acidic 
electrolytes. Results have shown that P-MXene has pre-intercalated water layers in-between the 
MXene layers and the termination groups are not modified compared to thermal treated MXenes. 
Differently, there is no water layer in-between 500-MXene and 600-MXene layers. Also, the 500-
MXene sample still has less -OH termination groups left (around ~5% of the total -OH content, 
calculated from the integration of desorption rate of the -OH as a function of temperature), while -
























Figure IV-5. Cross-section SEM images of (a) 500-MXene film and (b) 600-MXene film. XRD patterns (c) 
and Raman tests (d) of P-MXene, 500-MXene, and 600-MXene.  
  




3. Electrochemical tests of Ti3C2Tx MXene electrodes in H2SO4 
The electrochemical characterizations of three types of samples, P-MXene, 500-MXene, and 
600-MXene, were conducted using 3-electrodes Swagelok cell (see Figure II-3 in Chapter II), where 
10 mm-diameter disks of freestanding MXene films (mass-loadings around 1.9 to 2.1 mg cm-2) as 
working electrodes, Hg/Hg2SO4 as the reference electrode, and over-capacitive YP50F film as the 
counter electrode. 3 M H2SO4 was used as the electrolyte. After pre-cycling at 50 mV s
-1 for 50 
cycles, the cells were tested from the scan rate from 50 to 1000 mV s-1. 
The gravimetric capacity of the Ti3C2Tx electrode was calculated using: 
𝑄 =
1




                                             (IV − 1) 








                                                      (IV − 2) 
where Cg is the gravimetric capacitance (F g
-1), Q is the gravimetric capacity (mAh g-1), V is the 
potential window (V), i is the response current (A), m is the mass of the working electrode (g), and 
s is the scan rate (V s-1). 
 
3.1 Electrochemical performances at the steady-state 
After pre-cycling at a scan rate of 50 mV s-1 for 50 cycles, the reversible CV profiles are 
presented in Figure IV-6a. A set of redox peaks is visible at around -0.75 V (vs. Hg/Hg2SO4) for P-
MXene and 500-MXene, such as previously observed and detailed in Chapter III and in agreement 
with the previous report in such electrolyte,3 while these redox peaks vanished for 600-MXene. The 
gravimetric specific capacitance calculated from CV profiles where 325 F g-1, 343 F g-1, and 127 F 
g-1 for P-MXene, 500-MXene, and 600-MXene, respectively. While both P-MXene and 500-MXene 
exhibit the expected electrochemical signature in the H2SO4 electrolyte, the capacitive performance 
of the 600-MXene sample was strongly affected, following the disappearance of the redox peaks 
around -0.75 V (vs. Hg/Hg2SO4).  
 
 











Figure IV-6. (a) CV profiles of three MXene films at a scan rate of 50 mV s-1. (b) ex situ XRD patterns of 
three MXene films before (black lines) and after (red lines) electrochemical cycling. The positions of the 
(002) peaks were used to calculate the c-LPs. 
 
As observed, P-MXene and 500-MXene samples exhibit a similar electrochemical signature 
and much higher specific capacitance compared to 600-MXene at a lower scan rate. To explain the 
difference in the electrochemical behavior, c-LPs were calculated from ex situ XRD patterns of 
MXene electrodes before and after electrochemical tests (Figure IV-6b). From our previous 
characterizations, P-MXene has a c-LP of 25.5 Å, but c-LP is 21.2 Å and 20.7 Å for 500-MXene 
and 600-MXene, respectively: the presence of H2O molecules in-between MXene layers and -OH 
termination groups, before thermal treatment, and their removal, after thermal the thermal treatment, 
is assumed to be responsible for this evolution (see as well the TPDMS in Figure IV-4a). 
Nevertheless, it is worth mentioning 5% of -OH termination groups are still left in 500-MXene, 
while all the -OH termination groups have been removed for 600-MXene. After electrochemical 
cycling in H2SO4, c-LPs of the MXene films increases to a similar value of ~27.5 Å for both P-
MXene and 500-MXene samples, while it remains nearly unchanged for 600-MXene. It can be 
assumed that the increase of the c-LP in 500-MXene results from the H2O (and/or H3O
+) 
intercalation during the electrochemical process. This supports the presence of confined H2O in-
between the MXene layers, which is correlated to the activation of the charge storage mechanism of 
Ti3C2Tx MXene in acidic electrolytes, as suggested by a previous simulation study.
10 As mentioned 
above, the main difference between the 500-MXene and 600-MXene samples being the -OH 
termination groups content, the absence of confined H2O molecules in the 600-MXene sample, 
associated with the disappearance of the redox peaks in the CV profiles, maybe due to the removal 




of -OH termination groups. It seems that the presence of -OH termination groups favors the water 
intercalation in-between the MXene layers during the electrochemical polarization. 
 
3.2 Electrochemical behaviors of P-MXene and 500-MXene samples during the first 
cycles 
As mentioned above, P-MXene and 500-MXene exhibit a similar electrochemical behavior at 
a lower scan rate after pre-cycling, and this electrochemical behavior is evidenced related to the 
presence of H2O in-between MXene layers. A close comparison of the initial electrochemical 
characterizations for P-MXene and 500-MXene is conducted to further understand the impact of the 
interlayer H2O in the charge storage of MXenes in H2SO4 electrolyte. One has to keep in mind that 
the 500-MXene sample does not show H2O molecules in the interlayer gap, following their removal 
by heat treatment, while the P-MXene electrode has some intercalated H2O molecules between the 
MXene layers. 
Figure IV-7a and d show the first 50 cycles of P-MXene and 500-MXene in H2SO4 electrolyte 
at a scan rate of 50 mV s-1. The current response of 500-MXene (Figure IV-7d) at the first cycle is 
relatively small compared to P-MXene (Figure IV-7a); however, the electrochemical capacitance 
was gradually increased and stabilized after 10 cycles to reach similar values as P-MXene, while no 
pronounced capacitance increasing was observed in the P-MXene. Together with the results of 
Figure IV-6b, the increase of the capacitance of 500-MXene during cycling could be ascribed to the 
expansion of c-LP as a result of H2O intercalation: because to -OH groups left in the 500-MXene 
sample water intercalation is made possible and could explain the observed constant increase of the 
capacitance during the first cycles.  
Electrochemical impedance spectroscopy (EIS) experiments were carried out to compare the 
electrochemical behavior before and after cycling. EIS data were recorded between 10 mHz and 100 
kHz frequency with a voltage amplitude of 10 mV. Figure IV-7b and e show the Nyquist plots 
recorded at open-circuit potential (OCP, -0.2 V vs. Hg/Hg2SO4). Both the real and imaginary parts 
of the impedance of the 500-MXene sample decrease after cycling, attributed to the intercalation of 
H2O molecules (improved ionic conductivity and capacitance) that improves the accessibility of 
protons to the MXene surface. The decrease of the linear part of the impedance in the mid-frequency 
range (Warburg-like behavior) for the 500-MXene sample well accounts for the improved 
electrolyte accessibility in the interlayer distance of the MXene layers. For its counterpart, the real 




part of the impedance of the P-MXene sample is slightly reduced, and the imaginary part remains 
unchanged in the low-frequency range. The capacitance for both samples was calculated from EIS 
data following a previous approach (see equation II-18 in Chapter II),27 and presented in Figure IV-
7c and f. For P-MXene, almost no changes were observed after electrochemical cycling (Figure IV-
7c), which was expected since there is water in-between the MXene layers before and after the 
electrochemical polarization. While for 500-MXene, the real part of capacitance drastically 
increases after cycling (Figure IV-7f)., strongly indicating that the enhanced electrochemical 
performance is due to the H2O intercalation into the MXene layers. This result further indicates the 














Figure IV-7. Initial 50 CV cycles of P-MXene (a) and 500-MXene (c) at a scan rate of 50 mV s-1. Nyquist 
plots of P-MXene (b) and 500-MXene (d) at OCP before (black) and after (red) electrochemical cycling. The 
real part of the capacitance of P-MXene (c) and 500-MXene (f) calculated from EIS data.  
 
3.3 Enhanced high-rate performances of 500-MXene electrode  
The CV plots of P-MXene and 500-MXene electrodes within a potential scan rate range of 50 
to 1000 mV s-1 are detailed in Figure IV-8. It can be seen that the CV plots distorted with the 












Figure IV-8. CV profiles at a scan rate range of 50 to 1000 mV s-1 in 3 M H2SO4 for (a) P-MXene, (b) 500-
MXene.  
 
Another interesting finding is the enhanced high-rate electrochemical performance of the 500-
MXene sample. A comparison of CV profiles at a scan rate of 500 mV s-1 (equivalent to discharge 
time of 2 s) is shown in Figure IV-9a. Note that the weight loading mass of P-MXene and 500-
MXene is more or less the same (difference less than 5%). Figure IV-9b gives the gravimetric 
specific capacitances and capacities at various scan rates calculated from Figure IV-8. The P-MXene 
electrode can deliver 190 F g-1 and 53 mAh g-1 at a scan rate of 1000 mV s-1, while the 500-MXene 
electrode gives 255 F g-1 and 71 mAh g-1 under the same condition, about 35% more compares to 
the former. It is clearly shown that the 500-MXene shows notably enhanced high-rate performance 
compared to P-MXene in the same testing conditions. A simulation study to give insight to this 




















Figure IV-9. (a) CV profiles of three MXenes at a scan rate of 500 mV s-1. (b) Gravimetric specific 
capacitances and capacities vs. various scan rates. 
  




4. In situ techniques for understanding the charge storage mechanisms 
4.1 In situ X-ray absorption spectroscopy (XAS) measurement 
To further elucidate the pseudocapacitive behavior of Ti3C2, we conducted in situ X-Ray 
absorption near edge structure spectroscopy (XANES) experiment at the Ti K-edge on Pristine-
MXene in full potential range (~0.9 V). 
 In situ Ti K-edge XAS measurements were performed on the DiffAbs beamline at synchrotron 
SOLEIL (France). The electron current of the storage ring was 100 mA, avoiding the beam damage 
to the sample. The XANES spectra were acquired using a Si(111) double-cam monochromator with 
an energy resolution of 0.5 eV at Ti K-edge and an energy step of 0.2 eV (from 4961 to 5300 eV). 
The energy calibration was ensured by measuring a Ti foil, and an internal calibration was done 
using glitches coming from the Si(111). The incident photons were detected using a first ionization 
chamber filled with an appropriate gas mixture. A 4-elements silicon drift detector Vortex with an 
applied ROI was used to select the Ti Kα fluorescence photons, using 4 layers of aluminum foils in 












Figure IV-10. Electrochemical cell for in situ XANES test. 
 
A 3-electrodes cell in PTFE (Zähner, see Figure IV-10) was placed at 80° respect to the incident 




beam and filled with 1 M H2SO4 as the electrolyte. Kapton tape with deposited P-Ti3C2Tx MXene 
served as the working electrode, over-capacitive YP50F film, and Ag/AgCl as the counter and 
reference electrode, respectively. Note that there is a potential difference of 0.43 V between the 
Hg/Hg2SO4 electrode and the Ag/AgCl electrode. MXene electrode was held on each desire potential 
controlled by a VMP3 potentiostat (Biologic) for 5 mins prior to collect in situ XANES spectra. 
 
Figure IV-11. In situ XANES analysis of P-MXene electrode in 1 M H2SO4 electrolyte. (a) CV curve of the 
P-MXene electrode at a scan rate of 2 mV s-1. (b) Ti K-edge XANES spectra of P-MXene electrode at the 
various biased potential. The inset shows the zooming part of Ti K-edge energy at the half-height of 
normalized XANES spectra.  
 
The CV curve (Figure IV-11a) recorded at a scan rage of 2 mV s-1 is consistent with Figure IV-
6a with the presence of a pair of redox peaks, indicating a pseudocapacitive behavior. XANES 
spectra were recorded at different potentials versus Ag/AgCl electrode using the 
chronoamperometry technique, with a potential step of 0.1 V over a potential range of 0.2 to -0.7 V. 








before launching the XANES measurements. The valence state of Ti was calculated from the 
position of Ti edge energy at the half-height of normalized XANES spectra and using TiO and TiO2 
for comparison as already reported in the literature5, 28. As shown in Figure IV-11b, the Ti K-edge 
shifts to lower energy upon negative polarization (from -0.1 to -0.7 V vs. Ag/AgCl, around -0.53 to 
-1.13 V vs. Hg/Hg2SO4), indicating a decrease of Ti oxidation state. The maximum energy shift is 
0.58 eV, larger than the result in ref.5, likely because of the larger potential window in our case. 
Based on the linear dependence between Ti average oxidation state and the edge energy position,5 
we estimate a change of oxidation state of 0.134 per Ti atom. The gravimetric capacitance based on 
the oxidation change of Ti can be described as:  
𝐶 =  
δ𝐹
𝑀𝑤𝑉
                                                                     (IV − 3) 
where δ is the number of transferred electrons in the electrochemical reaction (equal to 0.134*3 
since Ti3C2Tx MXene has three Ti atoms), F is the Faraday constant (96485 C mol
-1), Mw is the 
molecular weight of Ti3C2Tx MXene (around 202 g mol
-1), and V is the potential window (in V). 
From eq. IV-3, a specific capacitance value of 213 F g-1 over a 0.9 V potential window is calculated.  
 
Figure IV-12. CV profile of P-MXenes at a scan rate of 50 mV s-1 in 3 M H2SO4. The shaded part indicates 
the estimated proportion of charge stored by EDL-like mechanisms, accounts for 40% of the total charge, 
which leaves 60% of the total charge related to the change oxidation state change of Ti. 
 
Given that the specific capacitance of P-MXene measured in Swagelok cell is 325 F g-1, the 
EDL-like ~40% 




stored charge involving Ti redox contribution accounts for 65% of the total charge. An estimation 
of the EDL-like charge storage contribution to the total charge was made from the CV profile at a 
scan rate of 50 mV s-1 (see Figure IV-12), by assuming that the rectangle area (shaded part) in the 
CV profile corresponds to the charge stored only in the EDL. In this way, 60% of the total charge 
originates from the oxidation state change of Ti, which is close to the result from the in situ XANES 
measurement. On the other hand, during negative polarization from 0.2 to -0.1 V (vs. Ag/AgCl) the 
Ti oxidation state remains almost constant, suggesting that a part of the charge storage in P-MXene 
in H2SO4 is achieved via an EDL-like mechanism. Finding the ion species responsible for this EDL-
like charge storage is crucial to understand the full picture of the charge storage mechanisms of the 
Ti3C2Tx MXene electrode in the acidic electrolyte, which can be accomplished by electrochemical 
quartz crystal microbalance measurement. 
 
4.2 Electrochemical quartz crystal microbalance (EQCM) measurement  
Three possible EDL charging mechanisms have been proposed in the literature, namely 
counter-ion adsorption, co-ion desorption, and ion exchange.29-30 During negative polarization, the 
possible charging mechanisms beyond the redox reaction of Ti could be intercalation of cations (H+ 
and/or H3O
+) or de-intercalation of anions (SO4
2-), or ion exchange. To get a better insight into the 
ions responsible for the charge storage mechanism, an electrochemical quartz crystal microbalance 
(EQCM) study was performed on a Ti3C2Tx MXene-coated golden quartz crystal in a 3 M H2SO4 
electrolyte. 
For sample preparation of EQCM, BioLogic 1-in.-diameter Au-coated quartz crystals 
(oscillating frequency, f0, 5 MHz) were coated using a precise pipette (Gilson PIPETMAN Classic 
P20) with a slurry containing 80 wt.% of active material MXene powder, 20 wt.% of polyvinylidene 
fluoride (PVDF) binder in N-Methyl-2-pyrrolidone. The coated quartz crystal was placed on a PTFE 
holder in which the coated side is orientated toward the reference, and the counter electrode served 
as the working electrode in a 3-electrode set-up (see Figure IV-13). The counter electrode is a 
platinum wire. The Hg/Hg2SO4 was used as a reference electrode placed between working and 
counter electrodes. Three electrodes were set in glassware and immersed in 3 M H2SO4 aqueous 
electrolytes. All the EQCM electrochemical measurements were carried out by a Maxtek RQCM 
system combined with Autolab PGSTAT101 was used for simultaneous EQCM and electrochemical 
measurements. 














Figure IV-13. Schematic of EQCM set-up, adopted from ref31. 
 
The EQCM data was treated based on the Sauerbrey equation:  
∆𝑚 =  −𝐶𝑓 ∆𝑓                                                          (IV − 4) 
where Δm is the change of mass of the coating (ng) and Cf is the sensitivity factor of the crystal (in 
ng Hz-1), and Δf is the change of frequency (in Hz). The sensitivity factor of the coated quartz was 
obtained by performing a copper deposition experiment conducted in 0.1 M CuSO4 mixed with 1 M 
H2SO4 by applying a constant current of 5 mA for 120 seconds. According to Faraday’s law, the 
mass of copper deposit m was given: 






                                                  (IV − 5) 
where Q is the total charge (in C), Mw is the molecular weight of copper (63.5 g mol
-1), n is the 
valence number of the ion (in this case is two), I is the applied current (in A), t is the time (in s), and 
F is the Faraday constant (96485 C mol-1). The EQCM calibration result was presented in Figure 
IV-14, the Cf was calculated to be 14 ng·Hz
-1 (or 11.02 ng·Hz-1cm-2, taking into account the Au 
crystal electrode surface of 1.27 cm2) and used in this chapter. For the consistency of the results, 
few cycles were run before starting EQCM measurements to reach a steady-state electrochemical 
signature. 





Figure IV-14. EQCM calibration by conducting copper electroplating under constant current: frequency 
change a function of mass change. 
 
EQCM allows for operando gravimetric change tracking of a working electrode, which can 
provide information about the ion fluxes during the electrochemical polarization of an electrode.32-
33 A narrow potential window of -0.25 to -0.55 V (vs. Hg/Hg2SO4) was selected to avoid any H2 
evolution during the EQCM experiment. Moreover, in EQCM tests, an increase of the motional 
resistance can be caused by the power dissipation of the shear wave that radiates into the liquid 
electrolyte. This increase of the motional resistance leads to a change of Δf which is not associated 
with any mass change of the quartz during the tests. In our tests, the maximum change of the 
motional resistance was less than 15 Ω (less than 0.7%) during the polarization (see Figure IV-15), 
validating the gravimetric approach during the test.34  
 





Figure IV-15. Change of the motional resistance of Pristine-MXene on a gold substrate in 3 M H2SO4 at 10 
mV s-1. The maximums change of the motional resistance is less than 0.7%, which indicates no influence on 
the recorded mass change during the EQCM test. 
 
Figure IV-16a shows the CV profile and frequency response of P-MXene sample at 10 mV 
s-1, where the red arrows indicate the scan direction. The start and endpoint of the frequency scan 
loop overlap, which means no overall mass loss or gain within a full cycle occur (reversible process 
from the mass change point of view), which is expected for an active material under steady-state 
condition. Therefore, the hysteresis observed between positive and negative scans is likely due to 
kinetic limitations, such as ion adsorption and desorption processes.35 A previous EIS study 
demonstrated that the potential of zero charge (pzc) of similar Ti3C2Tx MXene in H2SO4 electrolyte 
is close to -0.2 V vs. Hg/Hg2SO4 reference electrode.
36 Since the motional resistance is constant, 
Sauerbrey’s equation was used to plot the electrode mass change during polarization (Figure IV-
16b) – a negative scan was selected because it was less prone to oscillation because of hydrogen 
evolution.37 From -0.25 to -0.55 V (vs. Hg/Hg2SO4), the calculated mass increases, corresponding 
to the intercalation of ions in-between MXene layers and ions adsorption on the electrode surface. 
A previous in situ XRD study of Ti3C2Tx MXene in H2SO4 reported a maximum change of 0.2 Å of 
the interlayer spacing during the intercalation process.8 Given the large size of bare SO4
2- ions (4.36 
Å),38 such a low interlayer spacing change suggested at that time that SO4
2- ions were not involved 
during the intercalation (cathodic) process. 
 
 












Figure IV-16. EQCM measurements: (a) CV profile and EQCM frequency response and (b) electrode mass 
change versus charge during the polarization of P-MXene on a gold substrate in 3 M H2SO4 recorded at 10 
mV s-1, with reference electrode of Hg/Hg2SO4. 
 
In our experiments, a nearly linear increase of mass versus accumulated charge is observed 
within the potential range of -0.35 to -0.55 V (vs. Hg/Hg2SO4), as presented in the orange area of 
Figure IV-16b. According to Faraday’s law, the average molecular weight per charge (z=1) from 
the orange area is calculated to be 14 g mol-1, very close to the molecular weight of hydronium H3O
+ 
(19 g mol-1). Hence, these results suggest the intercalation of H3O
+ and H+ ions to occur during 
negative polarization, in agreement with the high concentration of protons, such as proposed in a 
previous paper using in situ Raman technique.6 Besides, the proton of intercalated H3O
+ contributes 
to the redox reactions, possibly being transported via a Grotthuss mechanism through the H2O layer, 
explaining the lower molecular weight calculation from the EQCM test. Indeed, the hypothesis that 
proton transfer following the Grotthuss mechanism was also in agreement with a recent simulation 
work.10  
  




5. Molecular dynamics (MD) simulations of Ti3C2Tx MXene electrodes 
5.1 Simulation method  
MD simulations were carried out to get a further understanding of the charge storage 
mechanism in P-MXene and 500-MXene samples with the help of Dr. K. Xu from Nanjing Tech 
University during his stay at the CIRIMAT Lab. The simulation system is constituted by MXene 
electrode layers and 3 M H2SO4 aqueous electrolyte. The dynamic and structural properties of two 
kinds of MXene (P-MXene and 500-MXene) electrode and aqueous electrolytes are detailed studied. 
Ti3C2O0.9F0.8(OH)0.3 and Ti3C2O1.185F0.8(OH)0.015 materials were used as P-MXene and 500-MXene 
samples, respectively (see Figure IV-17). The stoichiometric proportion of the -F, =O, -OH 
functional groups was estimated according to our TPD-MS results (Figure IV-3 and Table IV-1) and 








Figure IV-17. Oblique view (a) and Top view (b) of one Pristine-MXene layer, the different functional 
groups were randomly placed on the surface, (c) Side view of part of Pristine-MXene layer, (d) Side view of 
part of the 500-MXene layer. 
 
Four layers of MXene layer were modeled and immersed into a 3 M H2SO4 electrolyte such as 
shown in the schematic figure of the simulation box (Figure IV-18). The size of the simulation cell 
is 120.0 × 40.0 × 100.0 Å3 and the periodic boundary condition (PBC) is set in all three directions. 
Different initial c-LPs were set at the initial state, and the MXene electrode layer were all kept free 
during the simulation.  
The simulations were performed with LAMMPS molecular dynamics code package39 and the 
ClayFF force field is employed to determine the interaction between the atoms40. The relevant force 
field parameters could be found in previous works.41-43 Canonical ensemble (NVT) with 300 K target 




temperature is utilized. The particle-particle particle-mesh scheme in k-space is utilized to calculate 
the long-range electrostatic interactions. All simulations are simulated with a long enough time 3 ns 










Figure IV-18. Schematic representation of the simulation model, inner four layers were Pristine-MXene: (a) 
equilibrium c lattice parameter = 26.7 Å with one layer of water in-between, (b) equilibrium c lattice 
parameter = 20.3 Å without water between the layer.  
 
5.2 Simulation results and discussions 
The initially calculated equilibrium c-LP of pure P-MXene and 500-MXene is 20.3 Å and 19.5 
Å, respectively. With these values, the simulations results indicate that H2O molecules cannot be 
present in-between MXene layers. As discussed above, for both MXenes, H2O molecule is supposed 
to be intercalated in-between MXene layers after electrochemical cycling. Using a larger initial c-
LP value and a small amount of pre-intercalated H2O molecules, the simulations reach another 
equilibrium state where a single layer of H2O molecule is present at the minimum energy state in 
both samples. The equilibrium c-LPs expanded to 26.7 Å for the P-MXene and 26.0 Å for the 500-
MXene, closed to the values obtained from XRD. We also manipulated initial c-LPs in a range of 
25.5 ~ 28.5 Å for these two models and found that the c-LPs would reach some particular values 
(see Figure IV-19).  
 
 


















Figure IV-19. (a) The simulated equilibrium c lattice parameters of MXenes with and without water 
molecules in-between MXene layers. (b) Change of c lattice parameters of P-MXene and 500-MXene during 
the simulation process. Different c lattice parameters were set at the beginning of the simulation. 
 
Figure IV-20a and b show the side view of the two MXene layers for P-MXene and 500-MXene 
samples immersed in the electrolyte. The top view and side view of the interlayer molecules and 
ions structural arrangement are displayed in Figure IV-20c and e for P-MXene and Figure IV-20d 
and g for 500-MXene, respectively. In the case of 500-MXene, water molecules and hydronium ions 
form a compact and well-organized layer (Figure IV-20d and g), providing a hydrogen-bonded water 
network for rapid proton transfer. This rapid proton transfer may be explained by a Grotthuss 
mechanism, as suggested by recent simulations.14-15 For the P-MXene, the higher content of -OH 
existing on the outermost surface significantly disturbs the hydrogen bond network of the interlayer 
molecules, slowing down the proton transfer kinetics.  
 
















Figure IV-20. Side view of (a) P-MXene and (b) 500-MXene layers with surrounding electrolytes. Top view 
of the water molecules in-between the (c) P-MXene and (d) 500-MXene layers, MXene atoms are not shown 
here. (e) and (g) Close-up top view and side view of water molecules distribution in-between the P-MXene 
and 500-MXene layers. (f) Comparison of probability profiles of dipole orientation of water molecules inside 
P-MXene and 500-MXene layers, θ gives the angle between water molecular dipole moment and electrode 
surface normal. 
 
The probability profiles P(θ) of the dipole orientation of the interlayer water molecules for the 
P-MXene and 500-MXene samples are shown in Figure IV-20f. It clearly shows that the dipole 
orientation was more concentrated around 90° for the case of 500-MXene, suggesting a flat 
orientation (nearly parallel to the MXene layers), in favor of proton transport along the MXene 
surface. Differently, a more disorder distribution of H2O was found for P-MXene. These results 
suggest that the formation of a hydrogen bond network containing well-organized H2O layers in-
between the MXene layers favors fast proton transportation, thus giving further evidence to the key 
role of the intercalated water molecules to the high-rate performance recorded for 500-MXene. 
In addition, we note that previous simulation results suggested the presence of two layers of 
H2O in-between Ti3C2O2 layers when cycling the MXene electrode in acidic solution
15, while a 




single layer of H2O molecule in equilibrium state was found in our simulation in agreement with our 
XRD results. This may due to different MXene models used for the simulation studies. 
To summarize, we used MD simulations by using two different MXene samples (P-MXene and 
500-MXene) with more realistic models. Our results showed that there is one layer of H2O in-
between the MXenes layers in the equilibrium state for both P-MXene and 500-MXene, indicating 
a H2O (and/or H3O
+) intercalation during the electrochemical polarization in acidic electrolyte. 
Moreover, the content of -OH termination groups affects the probability distributions of the water 
molecular dipole orientation inside MXene layers. Reducing the content of -OH termination groups 
could help to form a well-organized hydrogen bond network, thus beneficial the proton transfer, 
leading to enhanced high-rage performance. These results in good agreement with our experimental 
observations. 
  





In this chapter, a study combining experimental (electrochemical measurements, ex situ and in 
situ techniques) and molecular dynamics simulation works was conducted to understand the 
pseudocapacitive behavior of Ti3C2Tx MXene in H2SO4 electrolyte.  
We showed that annealing treatments can modify the presence of pre-intercalated water 
molecules and termination groups of MXene without decomposition of Ti3C2, making these thermal-
treated MXenes great candidates for studying the charge storage mechanisms. By combining the 
data from XRD and ECQM test, we demonstrated that H2O molecules confined in-between MXene 
layers have turned out to play a key role in the charge storage process of Ti3C2Tx MXene, triggering 
the redox activity of Ti and enabling the fast charge compensation through an increase of the 
transportation rate of proton – likely via a Grotthuss mechanism. Indeed, the role of confined H2O 
in-between the MXenes have been highlighted previously.13-15 However, our findings here provide 
direct experimental evidence that intercalated H2O molecules not only contribute but are essential 
to activate the Ti redox reaction and the associated pseudocapacitive mechanism of MXene in acidic 
electrolyte. The influence of the -OH termination group content was also discussed. Our MD 
simulation results suggested that while the presence of -OH is necessary to promote H2O molecules 
intercalation in-between the MXene layers, a large amount of -OH is assumed to break the 
organization of the H2O molecules, resulting in a decrease of the proton transport rate and thus a 
limited power performance for Ti3C2Tx electrode.  
While this work focuses on Ti3C2Tx MXene in the H2SO4 electrolyte, it should apply to other 
kinds of MXenes, such as Ti2CTx, Nb2C3Tx, V2C2Tx, etc. This chapter offers an opportunity to push 
further the high-rate performance of MXenes electrodes in aqueous electrolytes by optimizing the 
termination groups. 
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Chapter V A general Lewis acidic etching route for 
preparing MXenes with enhanced electrochemical 
performance in non-aqueous electrolyte 
1. Introduction 
Following the first report of Ti3C2 MXene synthesis in 2011, MXene materials are mainly 
prepared by selective etching of the A-layer of in MAX phases precursors by aqueous solutions 
containing fluoride ions such as aqueous hydrofluoric acid (HF),1 mixture of lithium fluoride and 
hydrochloric acid (LiF+HCl)2 or ammonium bifluoride ((NH4)HF2).
3 To date, the high reactivity of 
Al with fluoride-based aqueous solutions has limited synthesized MXenes to preferentially Al-
containing MAX phase precursors. Although Alhabeb et al. reported the synthesis of Ti3C2 MXene 
through oxidant-assisted etching of Si from Ti3SiC2 MAX phase,
3 the etching mechanism was still 
based on hazardous HF solution. Thus, MXene synthesis currently faces the challenges of 1) finding 
nonhazardous synthesis routes for preparing MXene and 2) opening the synthesis route to a broader 
range of MAX-phase precursors. Moreover, the synthesized conditions will also define the type and 
amount of the termination groups, which have a substantial impact on their electrochemical 
properties, as we have shown in Chapter IV. It is then needed to investigate the electrochemical 
performances of MXenes by tuning the surface chemistry with alternative etching route.4  
Recently, Li et al. reported the synthesis of Ti3ZnC2 MAX phase by reaction of Ti3AlC2 in 
ZnCl2 Lewis acidic molten salt at 550°C, via a replacement reaction mechanism.
5 Ti3ZnC2 could be 
further transformed into Ti3C2Cl2 MXene when increasing the MAX:ZnCl2 ratio. However, the 
formation mechanism of Ti3C2Cl2 MXene was not fully understood from the chemistry point of view; 
since the molten salt and the MAX phase shared the same element (Zn), a reaction mechanism 
assuming the existence of a low valence Zn2
2+ cation was proposed.  
In this chapter, under collaboration with a team lead by Prof. Q. Huang from Ningbo Institute 
of Materials Technology and Engineering, Chinese Academy of Sciences, we generalize this 
synthesis route to a wide chemical range of A-site elements featuring besides Zn also Al, Si, Ga 
from various MAX phase precursors, by adjusting the chemistry of the MAX precursor and the 
Lewis acid melt composition. We propose a generic method to etch MAX phases by direct redox 
coupling between the A element and the cation of the Lewis acid molten salt, which allows 





predicting the reactivity of the MAX in the molten salt and drastically broadens the number of 
MXene that can be prepared by this method. With such processing, we also show that, for instance, 
MXene could be obtained from MAX phases with A = Ga. The obtained MXene have different 
terminations groups compared with the conventional HF etching route, leading to an enhanced 
electrochemical performance with high Li+ storage capacity combined with high-rate performance 
in non-aqueous electrolyte, which makes these materials promising electrode materials for high-rate 
performance battery and hybrid devices such as Li-ion capacitor applications.6-7 This method allows 
for producing new 2D materials that are difficult or even impossible to be prepared by using 
previously reported synthesis methods like HF etching. As a result, it expands further the range of 
MAX phase precursors that can be used and offer important opportunities for tuning the surface 
chemistry and the properties of MXenes.  
  





2. Ti3C2Tx MXenes prepared from Lewis acid molten salt route 
2.1 Synthesis of Ti3C2Tx MXene  
The synthesis process is illustrated in Figure V-1 by taking the example of the preparation of 














Figure V-1. Schematic diagram of Ti3C2Tx MXene preparation. (a) Ti3SiC2 MAX phase is immersed in CuCl2 
Lewis molten salt at 750°C. (b and c) The reaction between Ti3SiC2 and CuCl2 results in the formation of 
Ti3C2 MXene. (d) MS-Ti3C2Tx MXene is obtained after further washing in ammonium persulfate (APS) 
solution. 
 
Specifically, 1 g of Ti3SiC2 MAX phase powders and 2.1 g of CuCl2 powders were mixed (with 
a stoichiometric molar ratio of 1:3) and ground for 10 minutes. Then 0.6 g of NaCl and 0.76 g of 
KCl were added into the above mixtures and ground for another 10 minutes. Afterward, the mixture 
was placed into an alumina boat, and the boat was then put into an alumina tube with argon-flow. 
The powder mixture was heated to 750°C with a heating ramp of 4°C min-1, and hold for 24 h. 





Afterward, the obtained products were washed with deionized water (DI H2O) to remove salts, and 
MXene/Cu mixed particles were obtained. The mixtures of MXene/Cu were then washed by 0.1 M 
(NH4)2S2O8 solution (APS) to remove the residual Cu particles.
8 The resulting solution was further 
cleaned by deionized water (DI H2O) and alcohol for five times and filtered with a microfiltration 
membrane (polyvinylidene fluoride, 0.45 μm). Finally, the MXene powders (denoted as MS-Ti3C2Tx) 
were dried under vacuum at room temperature for 24 h.  
Figure V-1 shows a sketch of the Ti3C2 MXene synthesis from the reaction between Ti3SiC2 
and CuCl2 at 750°C; the reactions are listed below:  
Ti3SiC2 + 2CuCl2 → Ti3C2 + SiCl4(g)+ 2Cu   (V-1) 
Ti3C2 + CuCl2 → Ti3C2Cl2 + Cu    (V-2) 
The melting point of CuCl2 is 498
oC, which means the CuCl2 salt reaches a molten state at the 
reaction temperature (750°C). When Ti3SiC2 MAX precursor is immersed in molten CuCl2, the 
exposed Si atoms weakly bonded to Ti in the Ti3C2 sublayers are oxidized into Si
4+ cation by Lewis 
acid Cu2+, resulting in the formation of the volatile SiCl4 phase (Tboiling=57.6°C) and concomitant 
reduction of Cu2+ into Cu metal (equation V-1). Similar to what has been recently reported5, extra 
Cu2+ partially reacts with the exposed Ti atoms from Ti3C2 to form metallic copper, while the charge 
compensation is ensured by Cl- anions to form Ti3C2Cl2 (equation V-2). The formation mechanism 
of Ti3C2Cl2 from Ti3SiC2 is analog to that of chemical etching of Ti3AlC2 in HF solution
1: Cu2+ and 
Cl- act as H+ and F-, respectively. The as-prepared powder of Ti3C2Cl2 and Cu metal were further 
immersed in APS solution to remove Cu particles from the Ti3C2Cl2 MXene surface, which also 
results in the addition of O-based surface groups. This final material prepared from this molten salt 
route will be noted as MS-Ti3C2Tx MXene, where Tx stands for O and Cl surface groups.  
 
  





2.2 Characterizations of Ti3C2Tx MXene 
2.2.1 Phase and morphology 
The phase composition of the samples was analyzed by X-ray diffraction (D8 Advance, Bruker) 
with Cu K radiation. X-ray diffraction patterns were collected with a step of 0.02° 2θ with a 
collection time of 1 s per step. XRD patterns of the pristine Ti3SiC2 before (black), and after reaction 
with CuCl2 at 750°C for 24 h (noted as Ti3SiC2-CuCl2, red) and final product after APS washing 
(MS-Ti3C2Tx, purple) are shown in Figure V-2. Compared to pristine Ti3SiC2, most of the diffraction 
peaks disappear in the final product, leaving (00l) peaks as well as several broad and low-intensity 
peaks in the 2 range from 5° to 75°; these features indicate the successful transformation of Ti3SiC2 
into layered Ti3C2 (MXene)
9. Additionally, the shift of Ti3C2 (00l) diffraction peaks from 10.13° to 
8.07° (±0.02°) two theta degree indicate an expansion of the interlayer distance from 8.8 Å to 10.98 
Å (±0.03 Å). The sharp and intense peaks located at 2 ≈ 43.29°, 50.43°, and 74.13° can be indexed 
as metallic Cu (Figure V-2, red plot), which confirms the proposed etching mechanism in Lewis 
acid melt (equation V-1). The XRD pattern of the final product (Figure V-2, purple plot) exhibits 
only the (00l) MXene peaks, confirming the removal of the Cu.  
 
Figure V-2. XRD patterns of pristine Ti3SiC2 before (black line) and after (red line) reaction with CuCl2, and 
final MS-Ti3C2Tx MXene obtained after washing in 0.1 M APS solution (purple line).  
 





The microstructures and chemical compositions were analyzed by scanning electron 
microscopy (SEM) at 20 kV, with an energy-dispersive spectrometer (EDS); EDS values were fitted 
by Pouchou and Pichoir’s XPP matrix correction algorithm. After etching in molten salt, the Ti3SiC2 
particle (Figure V-3a) turns into an accordion-like microstructure (Figure V-3b), similar to 
previously reported for MXenes obtained by etching in HF or F-containing electrolyte.1 The 
spherical particles observed on the Ti3C2 before APS treatment (Figure V-3b) are assumed to be 
metallic Cu produced during the etching process from equations V-1 and 2, which supported by EDS 
analysis in Figure V-3c. The presence of Cl also well agrees with equation V-1 and V-2. O element 
comes from washing treatment in water. The successful removal of Si from Ti3SiC2 MAX phase is 
evidenced by the significant weakening of the Si signal. 
  
Figure V-3. SEM images of Ti3SiC2 MAX phase precursor before (a) and after (b) reaction with CuCl2 at 
750 C. (c) EDS analysis of the MXene after reaction with CuCl2 at 750 C, before immersion in APS solution.  
 





Figure V-4a gives the SEM image of the MS-Ti3C2Tx after APS treatment. After treatment by 
APS solution at room temperature, MXene keeps its original layered structure. EDS result in Figure 
V-4b shows the presence of Ti, Cl, O, C element of the MXene. The details of EDS analysis will be 
discussed later. The successful removal of Cu after treatment by APS solution is evidenced by the 
presence of only a residual weak signal. Element mapping of MS-Ti3C2Tx MXene was conducted 













Figure V-4. (a) SEM image of MS-Ti3C2Tx MXene after treatment by APS solution to remove Cu particles 
and (b) corresponding EDS point analysis. (c) Element mapping of MS-Ti3C2Tx MXene treatment by APS 
solution. 
 
Structural analysis was carried out by using a high-resolution STEM high angle annular dark 
field (HRSTEM-HAADF) imaging. As shown in Figure V-5, the lamellar microstructure of the MS-
Ti3C2Tx MXene is clearly visible in STEM images. The SiCl4 gas molecules formed in situ during 
the etching reaction (equation V-1) is believed to act as an effective expansive agent to delaminate 
the MXene, similar to the preparation of expanded graphite through the decomposition of 
intercalated inorganic acids.10  






Figure V-5. Cross-sectional STEM images showing the nanolaminate nature of the material (scale bar in the 
atomically resolved image inset is 1 nm). 
 
2.2.2 Chemical composition of MS-Ti3C2Tx 
The chemical composition and bonding states of MS-Ti3C2Tx MXene sample were measured 
by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS ULTRA DLD instrument with a 
monochromic Al K X-ray source (hv = 1486.6 eV). The power was 96 W, and the X-ray spot size 
set to 700 x 300 um. The pass energy of the XPS analyzer was set at 20 eV. The pressure of the 
analysis chamber was kept below 5 x 10-9 Torr. All spectra were calibrated using the binding energy 
(BE) of C 1s (284.8 eV) as a reference. The XPS atomic sensitivity factors involved in the atomic 
concentration calculation were 0.278 (C 1s), 1.833 (Ca 2p), 2.001 (Ti 2p) and 0.78 (O 1s), 
respectively, according to Kratos Vision Processing software. Etch conditions were defined by beam 
energy of 4 kV, a current of 100 μA, and a raster size of 3 mm. Figure V-6 shows an overview of 
the XPS spectrum for the Ti3SiC2 precursor (black) and MS-Ti3C2Tx MXene (red), where the signals 
of Si 2p, C 1s, Ti 2p, and O 1s are observed at 102, 285, 459, and 532 eV, respectively.11  






Figure V-6. A global view of the XPS spectra of the Ti3SiC2 MAX phase precursor (black) and MS-Ti3C2Tx 
MXene (red) after reaction in CuCl2 at 750 C and further immersion in APS solution. 
 
The XPS spectra of each element were detailed in Figure V-7. The XPS of Si 2p in Ti3SiC2 
(Figure V-7a, black) shows a peak at 101.8 eV, assigned to SiO2, which indicates the existence of 
an oxide layer on Si and a peak at 98.3 eV attributed to Ti-Si bonds.11 After etching by CuCl2 and 
further immersion in APS solution, only the signals of Ti 2p, O 1s, Cl 2p, and C 1s were detected. 
The disappearance of the Si signal confirms the effectiveness of Si removal by Lewis acid etching 
reaction (Figure V-7a). Similarly, no significant amounts of Cu elements were detected (Figure V-
7b), suggests the effective removal of Cu particles by APS solution. 
The deconvolution of the Ti 2p, C 1s, O 1s, and Cl 2p spectra was achieved following the 
previous works5,12 and the details are given in Figure V-7 c to f and Table V-1.  






Figure V-7. XPS analysis of the MS-Ti3C2Tx MXene after reaction in CuCl2 at 750 C and further immersion 
in APS solution. Spectra of Si 2p (a), Cu 2p (b), Ti 2p (c), C 1s (d), O 1s (e), and Cl 2p (f) energy levels.  
 
The XPS signal of Ti 2p in MS-Ti3C2Tx MXene is shown in Figure V-7c. The peaks at 454.5 
eV and 460.5 eV are assigned to the Ti-C (I) (2p3/2) and Ti-C (I) (2p1/2) bond. The peaks at 456.0 eV 
and 461.8 eV are assigned to the Ti-C (II) (2p3/2) and Ti-C (II) (2p1/2) bond. The peaks at 458.2 eV 
and 464.0 eV attributed to high-valency Ti compound, are assigned to the Ti-Cl (2p3/2) and Ti-Cl 





(2p1/2) bonds, respectively. The peaks at 459.7 eV and 464.9 eV are associated with the Ti-O (2p3/2) 
and Ti-O (2p1/2), respectively. The Ti 2p spectra show the existence of Ti-O and Ti-Cl chemical 
bonds, most likely from O and Cl surface groups associated with partial surface oxidation. The 
observed Ti-C bonds come from the core [TiC6] octahedral building blocks of the Ti3C2 MXene. 
The C 1s signal in MS-Ti3C2Tx MXene (Figure V-7d) shows peaks at 281.2 eV, 284.5 eV, 286.2 eV, 
and 288.5 eV assigned to the Ti-C, C-C, C-O and C=O bond, respectively. Figure V-7e shows the 
O 1s spectrum, where the peaks at 530.0 eV, 531.3 eV, and 533.3 eV are assigned to the Ti-O, Ti-
C-Ox, and H2O, respectively. The fitting of the O 1s and C 1s spectra show O-terminated surface 
functional groups on MS-Ti3C2Tx sample. The XPS signal of the Cl 2p energy level confirms the 
presence of Ti-Cl bonds. The peaks at 198.8 eV and 200.4 eV are associated with Cl-Ti (2p1/2) and 
Cl-Ti (2p3/2) bonds, which indicated the presence of Ti-Cl bonds in MS-Ti3C2Tx MXene (Figure V-
7f). 
 
Table V-1. XPS analysis of MS-Ti3C2Tx MXene after APS treatment. 
Region BE(eV) FWHM(eV) Fraction Assigned to 
Ti 2p3/2(2p1/2) 
454.5(460.5) 1.3(1.4) 35.5 Ti-C 
456.0(461.8) 2.3(2.3) 31.6 Ti-C 
458.2(464.0) 2.2(2.3) 20.4 Ti-Cl 











 284.5 1.4 79.3 C-C 
 286.2 1.2 6.3 C-O 
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It is worthy to note that the Cl groups are expected from reaction with the Lewis acid (CuCl2 
in equation V-1); while O surface functional groups are formed during the oxidation treatment in 
APS solution and subsequent washing process.13 
Temperature-programed desorption measurements coupled with mass spectroscopy (TPD-MS) 
have been achieved on MS-Ti3C2Tx MXene samples, and a comparison was made with TPD-MS 





analysis for MXene prepared from conventional etching treatment in HF (noted as HF-Ti3C2Tx, 
adopted from ref 13).14 TPD-MS test was performed under an inert atmosphere (Ar, 100 ml min-1). 
The sample (10-20 mg) was placed in a thermo-balance and heat-treated up to 1300oC at a rate of 
10oC min-1. The decomposition products (gas evolved) were monitored by on-line mass 
spectrometry.  
 
Figure V-8. TPD-MS measurements at temperature range up to 800 C (a) and full temperature range (c) of 
Ti3C2Tx MXene samples (HF-Ti3C2Tx) prepared from conventional etching in HF; at temperature range up to 
600 C (b) and full temperature range (d) for MS-Ti3C2Tx MXene samples. Species marked with asterisks in 
(d) were other gases for MS-Ti3C2Tx MXene samples, where no quantification was possible because of the 
lack of standards. (a) and (c) are adapted from ref. 14.  
 
Figure V-8 shows the TPD-MS analysis results of HF-Ti3C2Tx (Figure V8a and c) and MS-
Ti3C2Tx MXenes (Figure V-8b and d). Weight loss in % and gas evolution in µmol/g/s are obtained 
after quantification for H2O, CO, CO2, -OH, Cl and S quantification could not be achieved due to 
the absence of standards. The TPD-MS analysis was listed as Table V-2. 
 



























3600 6.5 3995 6.8 723 2.0 - - 13.3 
MS-
Ti3C2Tx 
2950 5.3 - - 308 0.9 934 4.1 8.2 
 
As can be seen from Figure V-7, H2O release observed below 400°C for both samples 
corresponding to surface adsorbed and intercalated water coming from the washing with water after 
synthesis15. The previous study has shown that HF-Ti3C2Tx MXene decomposes beyond 800°C 
(Figure V8c).13 The decomposition of the surface groups present on the HF-Ti3C2Tx MXene surface 
occurs in the 25–800°C temperature range. Differently from HF-Ti3C2Tx, MS-Ti3C2Tx MXene does 
not show the presence of -OH surface groups (Figure V8a and b). The absence of any -OH surface 
groups release for MS-Ti3C2Tx MXene may decrease the hydrophilicity of the surface. 
An important CO2 gas release observed for the MS-Ti3C2Tx MXene is assumed to originate 
from the oxidation by the APS of carbon from Ti3C2.
16 Quantitative analysis of CO2, H2O and CO 
was achieved from TPD-MS measurements, and the total content in oxygen was found to be 8.2 
wt.%, which is lower than that calculated from the multiple elemental analysis techniques (12.2 
wt.%, see Table V-4 after), including ICP analysis, CHNO combustion elemental analysis and 
oxygen flask combustion method. This could be assigned to the incomplete removal of the surface 
groups in the temperature range analyzed. For the –Cl group, Cl group is stable on Ti3C2 at 750°C,
17 
but a trace of Cl release is still detected. There are two different species, one small amount evolving 
together with hydrogen at temperatures around 800°C (corresponding to around 3 wt.%) and others 
more thermally stable desorbing at higher temperatures with a maximum at around 1100°C. Beyond 
800°C, where the MXene decomposes (Figure V-8c and d), the MS analysis shows the presence of 
other species including, TiO and SiO, as well as some decomposition products from APS (H2O, N2, 
NH3 and SO2 at a lower temperature). However, the quantification of these species was not possible 
because of the absence of standards. In the 25–600°C temperature range, the weight loss associated 
with the gas evolution of CO2, CO and H2O (Figure V-8b) accounts for about 15 wt.%, showing that 
oxygenated groups and adsorbed/intercalated water, together with -Cl groups and -SO2 terminations 
are the main components of the MS-Ti3C2Tx MXene surface. 





Table V-3 shows the chemical compositions of Ti3SiC2, Ti3C2Cl2-Cu, and MS-Ti3C2Tx (after 
immersion in APS solution) from EDS analysis. EDS results revealed a Cl and O element content 
of about 16.5 at.% and 19.8 at.% in the final MS-Ti3C2Tx MXene, respectively. After APS treatment, 
the Cl content remains unchanged, and the Cu element content is reduced from 10.0 at.% to <0.9 
at.%, while the S element content is 0.6 at.% obtained from the (NH4)2S2O8 solution treatment, 
respectively. The O content is increased to 19.8 at.%, and this may be attributed to water adsorbed 
during the oxidation treatment in APS solution; importantly, this value is consistent with mass 
spectroscopy measurements (TPD-MS) results. 
 
Table V-3. Average chemical composition (at.%) of Ti3SiC2, Ti3C2Cl2-Cu, and MS-Ti3C2Tx MXene from 
EDS analysis 
EDS analysis Ti Si C O Cl Cu S 
Ti3SiC2 52.2 17.7 20.8 6.6    
Ti3C2-Cu 42.7 1.3 15.3 8.9 21.9 10.0  
MS-Ti3C2Tx 42.8 1.0 18.4 19.8 16.5 0.9 0.6 
 
Finally, the composition of the MS-Ti3C2Tx MXene was given in Table V-4. The Cu residual 
content in the MS-Ti3C2 MXene was measured using ICP analysis. The ICP titration of Cu in MXene 
gave a Ti:Cu atomic ratio of 3:0.014 after APS washing. It once again shows that Cu removal was 
successfully achieved by APS washing. The C and O content was measured using CHNO 
combustion elemental analysis technique; they were obtained after complete combustion of the 
material. The Cl content was obtained using the oxygen flask combustion method. Elemental 
analysis (Table V-4) revealed an O-termination-group content of about 12 at.% together with about 
14 at.% of Cl-termination-group content in the MS-Ti3C2Tx MXene, resulting in the following 
composition of Ti3C1.94Cl0.77O1.71 for the MS-Ti3C2Tx MXene.  
Table V-4: Composition of the MS-Ti3C2Tx MXene. 
 Ti C O Cl Composition 
wt./% 64.2 10.4 12.2 13.6  
mol/% 3 1.94 1.71 0.77 Ti3C1.94Cl0.77O1.71 
 





To summarize, Ti3C2Tx MXenes was prepared from Lewis acidic molten salts etching route by 
using a MAX precursor of Ti3SiC2, which cannot be achieved with a decent yield through a 
conventional HF etching method. Differently from the conventional HF-MXene, A composition of 
Ti3C1.94Cl0.77O1.71 was obtained for the MS-Ti3C2Tx, without any termination groups of -F and -OH. 
In the following section, we further generalized the Lewis acidic molten salts etching route to various 
MAX phase precursors to show the versatility of this method. 
  





3. Preparing various MXenes from Lewis acidic molten salts etching route  
3.1 Guidelines for select suitable MAX phase precursors / Lewis salts  
The capability of Lewis acid to withdraw electrons from A element in the MAX phase can be 
well reflected from their respective electrochemical redox potential in halide melts. For instance, 
Si4+/Si couple has a redox potential as low as -1.38 V vs. Cl2/Cl
- at 750°C. As a result, CuCl2 molten 
salt (redox potential of -0.43 V vs. Cl2/Cl
-) can easily oxidize Si into Si4+ (etching/exfoliation of 
MAX phase into MXene). The redox potentials can provide constructive information for selecting 
the desirable MAX phase and Lewis acids. Furthermore, the Gibbs free energy of the etching 
reaction involving the MAX phases and Lewis acids at a certain temperature can also be calculated, 
which is another guideline for selecting the reactants from the thermodynamic point of view. The 
present Lewis acid etching process can be then generalized to prepare a broad family of MXene 
materials by choosing various MAX phases and Lewis acids according to the Gibbs free energy and 
redox potentials. 
 
3.1.1 Calculations of redox potentials 
The electrochemical redox potentials of redox couple in halide melts can serve as another tool 
to predict the feasibility of the Lewis acidic molten salts etching reaction. Taking Ti3SiC2 in CuCl2 
molten salt reaction as an example, the potential of the molten salt Cu2+/Cu (-0.43 V vs. Cl2/Cl
-) is 
higher than its counterpart Si4+/Si (-1.38 V vs. Cl2/Cl
-) at 700°C. The Si-Si bonding of the Ti3SiC2 
phase can be easily broken by the strong oxidized Cu2+ while the strong covalent Ti-C bonding 
remains unchanged. The redox potentials of the molten salts (V vs. Cl2/Cl
-) were calculated from 
equation V-3 and V-7 in a temperature range of 400–900oC: 
BCln (l) = B(s) + n/2 Cl2 (g)                                                 (V-3) 
where B represents elements such as Al, Fe, Zn, In, Ga, Ge, Si, Sn, Mn, Cu, Co, Ni, Cd, and Ag, n 
is the number of exchanged electrons. Gibbs free energy of reaction V-3 was calculated by HSC 
Chemistry 6.018. Specifically, for the equation V-3 at a certain temperature, the values of Hf (f 
stands for formation) and Sf can be obtained from the HSC software. Then Gr is given by: 
𝛥𝐺𝑟 = 𝛥𝐻𝑟 − 𝑇𝛥𝑆𝑟                                                     (V − 4) 
The potential of the reaction V-3 was obtained from: 








                                                             (V − 5) 
where n is the number of electrons, F the Faraday constant, 96,485 C mol-1. The potential E(V) of 
the reaction V-3 corresponds to the potential difference between Bn+/B and Cl2/Cl
- redox couples. 
All the potential values are shown in Table V-6 and Figure V-9. 
Table V-5. Redox potentials of the molten salts (V vs. Cl2/Cl-) at the temperature range of 400-900 oC. 
T 
(oC) 














  Mn2+ 
/Mn 












400 -1.90 -1.64 -1.14 -1.35 -1.07 -1.48 -1.00 -1.97 -1.447 -0.61 -1.13 -1.05 -1.45 -0.92 
500 -1.88 -1.57 -1.12 -1.32 -1.04 -1.45 -0.97 -1.93 -1.444 -0.54 -1.06 -0.97 -1.39 -0.89 
600 -1.86 -1.50 -1.10 -1.30 -1.00 -1.41 -0.93 -1.88 -1.444 -0.48 -1.00 -0.90 -1.32 -0.87 
700 -1.84 -1.44 -1.08 -1.27 -0.97 -1.38 -0.89 -1.84 -1.445 -0.43 -0.94 -0.82 -1.27 -0.84 
800 -1.82 -1.38 -1.05 -1.25 -0.94 -1.35 -0.86 -1.80 -1.445 -0.37 -0.89 -0.75 -1.21 -0.82 
900 -1.80 -1.32 -1.03 -1.22 -0.91 -1.31 -0.82 -1.76 -1.449 -0.32 -0.85 -0.68 -1.16 -0.79 
 
 






Figure V-9. Redox potentials of the molten salts (V vs. Cl2/Cl-) as a function of temperature. 
 
  





3.1.2 Calculations of Gibbs free energy of Lewis reaction (∆𝑮𝑳𝑹).  
Generally, the covalent M-X bonding in the MAX phase is very strong, while the M-A boning 
is much weaker.19 Hence, we assume that the Ti-C bonding in manuscript equation V-1 remains 
unchanged during the etching reaction, thus it can be simplified as:  
Si + 2CuCl2 = SiCl4 (gas) + 2Cu                                           (V-6) 
which can be generalized as: 
aA + bBCln = aAClm + m.a/nB + (b-m.a/n)BCln                               (V-7) 
The Gibbs free energies of chlorination (𝐺𝐿𝑅) between A elements from the MAX phases and 
Lewis salts were calculated using the HSC Chemistry software (HSC 6.0). For instance, 𝐺𝐿𝑅 value 
of -371.74 kJ was calculated for equation V-3, which indicates that the reaction is 
thermodynamically spontaneous. We then generalized the calculations of the Gibbs free energy by 
changing A-site element in the MAX phases (such as Al, Zn, In, Ga, Si, Sn, and Ge, et al.) and 
cations of the Lewis salts (such as Mn, Zn, Cd, Fe, Co, Cu, Ni, and Ag). The details are listed in 
Table V-6. 
 
Table V-6. Gibbs Free Energy 𝐺𝐿𝑅 of the reaction of different Lewis molten salts with A-site elements in 
MAX phases at 700°C. 
 Gibbs Free Energy of Lewis reaction (∆𝐺𝐿𝑅) of different A-site 
elements (kJ mol-1) Salts Al Zn In Ga Si Sn Ge 
MnCl2 -0.9 77.6 221.4 164.5 178.2 366.2 335.2 
ZnCl2 -117.4 - 104.9 48.1 22.9 210.9 179.9 
CdCl2 -166.9 -33.1 55.3 -1.5 -43.2 144.8 113.8 
FeCl2 -246.6 -82.3 -24.5 -80.9 -147.4 41.2 9.3 
CoCl2 -263.1 -97.2 -40.9 -97.7 -171.4 16.5 -14.5 
CuCl2 -410.0 -195.1 -187.7 -244.6 -367.3 -179.4 -210.3 
NiCl2 -295.7 -118.9 -73.5 -130.3 -214.9 -26.9 -57.9 
AgCl -290.5 -115.4 -68.3 -125.1 -208.0 -20.0 -51.0 
 





In this project, various MXenes are successfully prepared from different MAX phase precursors 
etching by various halide molten salts under the predictions of the Gibbs free energy and redox 
potentials.  
 













Figure V-10. Gibbs Free Energy mapping (700°C) guiding the selection of Lewis acid chloride salts 
according to electrochemical redox potentials of A site elements in MAX phases (X-axis) and molten salt 
cations (Y-axis) in chloride melts. Stars mark corresponding MXenes that are demonstrated in the current 
study. 
 
Figure V-10 shows a Gibbs Free Energy mapping prepared from redox potentials and 
thermodynamics data calculated above (Tables V-5 and V-6) to guide the selection of effective 
Lewis acids for MAX phases having different A elements. Based on this map, a series of MAX 
phases - specifically Ti2AlC, Ti3AlC2, Ti3AlCN, Nb2AlC, Ta2AlC, Ti2ZnC, and Ti3ZnC2 - was 
successfully exfoliated into corresponding MXenes (Ti3C2Tx, Ti3CNTx, Nb2CTx, Ta2CTx, Ti2CTx, 
Ti3C2Tx) using various chlorides molten salts (CdCl2, FeCl2, CoCl2, CuCl2, AgCl, NiCl2), as marked 





in star shape in Figure V-10. The reaction conditions of MAX phases with Lewis acid salts are listed 
in Table V-7. The experimental approaches for each reaction were similar to the one detailed in 
section 2.1. 
 
Table V-7. The reaction conditions of MAX phases with Lewis acid salts. 
MAX Phases Salts Composite of starting materials (mol) T (°C) 
Ti2AlC CdCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 650 
Ti2AlC CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 650 
Ti3AlC2 FeCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3AlC2 CoCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3AlCN CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti2AlC CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 650 
Ti3AlC2 NiCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3AlC2 CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Nb2AlC AgCl MAX:Salt:NaCl:KCl = 1:5:2:2 700 
Ta2AlC AgCl MAX:Salt:NaCl:KCl = 1:5:2:2 700 
Ti3ZnC2 CdCl2 MAX:Salt:NaCl:KCl = 1:2:2:2 650 
Ti3ZnC2 FeCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3ZnC2 CoCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3ZnC2 CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3ZnC2 NiCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 700 
Ti3ZnC2 AgCl MAX:Salt:NaCl:KCl = 1:4:2:2 700 
Ti3SiC2 CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 750 
Ti2GaC CuCl2 MAX:Salt:NaCl:KCl = 1:3:2:2 600 
Ti3AlC2 CuI MAX:Salt:NaCl:KCl = 1:6:2:2 700 
Ti3AlC2 CuBr2 MAX:Salt:NaCl:KCl = 1:4:2:2 700 
 
SEM images in Figure V-11 show the lamellar microstructures of obtained MXenes. The 
successful preparation of Ta2CTx and Ti3C2Tx MXenes from Ta2AlC and Ti3SiC2, which were 

















Figure V-11. SEM images reveal the typical accordion morphology of MXenes from different MAX phases 
etched by varied Lewis acid chlorides, such as Ti2AlC by CuCl2 (a), Ti3ZnC2 by CuCl2 (b), Ti3AlCN by CuCl2 
(c), Ti3AlC2 by NiCl2 (d), Ti3ZnC2 by FeCl2 (e), and Ta2AlC by AgCl (f). Scale bars are 2 μm.  
 
Figure V-12 presents the XRD patterns of Ti2AlC and Ti3ZnC2 precursors and the products 
obtained after reaction with various Lewis acid salts (CuCl2 in this case) without further washing in 
APS (presence of Cu). It also gives the SEM images and the corresponding EDS analysis of the as-
prepared MXenes. As shown in the XRD patterns, most of Bragg peaks of the pristine MAX phases 
disappear after the molten salt etching process, leaving (00l) peaks and several broad and low-
intensity peaks, indicating the successful obtention of layered MXene materials from MAX phases 
by Lewis acid molten salts etching route. SEM images show that the pristine particle-like MAX 
phases turn into an accordion-like open structure, suggesting the successful synthesis of MXene 
such as previously reported for MXenes prepared by HF etching method.4 EDS analysis indicates 
the successful removal of A element from the MAX phases, as well as the presence of Cl and O 
surface groups on layered MXenes. Additional characterizations of MXenes prepared in this project 
can be found in ref 19.21 These results demonstrate that the Lewis acidic molten salts etching method 
can be employed as a universal way to prepare these layered materials. 
















Figure V-12. Ti2AlC-CuCl2: (a) XRD patterns, (b) SEM image, (c) EDS point analysis. Ti3ZnC2-CuCl2: (d) 
XRD patterns, (e) SEM image, (f) EDS point analysis. Scalebars correspond to 2 μm. 
 
Taking account of the diversity and green chemistry of Lewis acid in inorganic salts, there is 
an unexplored parameter space to optimize such etching methodology. At the same time, it broadens 
the selection scope of MAX phase family for MXene fabrication and offers opportunities for tuning 
the surface chemistry of MXene materials by using various molten salts based on other anions (such 
as Br-, I-, SO4
2-, or NO3
-). CuBr2 and CuI molten salts were successfully used as Lewis acidic 
etchants to prepare MXene materials (noted as Br-MXene, and I-MXene); the reaction time was 7h, 
and the experimental conditions are given in Table V-7. SEM images of these MXenes (Figure V-
13a and c) show exfoliated layered microstructures similar to the MS-MXenes mentioned above. 
EDS analysis (Figure V-13b and d) show the presence of -I and -Br surface groups on MXenes, 
confirming that the surface functional groups can be tuned by careful selection of the Lewis acid 
etchant. By successfully extending the etchant from chlorine to bromide and iodide, the present 
Lewis acidic etching route offers broad opportunities to tune the surface chemistry of MXene 
materials. 
 

















Figure V-13. (A), (B) SEM image and corresponding EDS analysis of Br-MXene; (C), (D) SEM image and 
corresponding EDS analysis of I-MXene. 
 
Finally, the possible solubility of the A element in the melt was checked. Figure V-14 below 
shows the XRD pattern of a Ti2SnC MAX phase before (bottom) and after 7 h immersion in MnCl2 
molten salt at 750°C (top). According to their respective redox potential values in Figure V-10, Sn 
cannot be oxidized into Sn4+ by concomitant Mn2+ reduction at such temperature. As can be seen 
from the Figure below, both XRD patterns are the same, thus evidencing that i) there is no reaction 
and ii) no solubility of the Sn from the Ti2SnC MAX phase in the melt. This further demonstrated 
the validation of the guidelines presented in Figure V-10, suggesting that the Lewis acidic etching 
route can serve as a general method to prepare MXenes. 
 






Figure V-14: XRD pattern of pristine Ti2SnC and Ti2C after 7 h immersion in MnCl2 molten salt.  
  





4. Electrochemical characterizations 
4.1 Electrochemical performance of MS-Ti3C2Tx in non-aqueous electrolyte 
Layered MS-Ti3C2Tx MXene powders derived from Ti3SiC2 were tested following the 
procedure described in Chapter II. Specifically, MS-Ti3C2Tx MXene self-standing electrodes were 
prepared by mixing the MXene powder with 15 wt.% carbon black and 5 wt.% PTFE binder and 
laminated many times to obtain films with different thickness. Carbon black conducting additive 
was added to improve the electrical percolation in the electrode film. The active material weight 
loading was calculated by dividing the mass (mg) of MXene active material by the electrode area 
(cm2). Metallic lithium foil was used as the counter and the reference electrode, LP30 (1 M LiPF6 
in ethylene carbonate/dimethyl carbonate with 1:1 volume ratio) as the electrolyte and 2 slides of 
25-μm thick cellulose as the separator. 2-electrodes Swagelok cell setup (see Figure II-3b in Chapter 
II) was used to conduct the electrochemical tests. Swagelok cells were assembled in the Ar-filled 
glovebox with oxygen and water content less than 0.1 ppm. 
In cyclic voltammetry, the capacity (C g-1) and average capacitance (F g-1) of a single electrode 
are evaluated from the anodic scan using equations of IV-1 and IV-2 in Chapter IV. 




                                                                      (V − 8) 
where Δt (s) is charging/discharging time. 
The initial three cycles of MS-Ti3C2Tx MXene electrode were recorded with a potential window 
of 0.2-3.0 V vs. Li+/Li at a scan rate of 1 mV s-1. As shown in Figure V-15, the coulombic efficiency 
is 50% for the first cycle; the undesirable irreversible capacity at the first cycle corresponds to the 
SEI layer formation. After several cycles, the coulombic efficiency stabilizes at 98% for a scan rate 
of 1 mV s-1.  






Figure V-15. The first three cycles of CV at 1 mV s-1 of a MS-Ti3C2Tx MXene electrode in LP30 electrolyte. 
 
Figure V-16a shows the cyclic CV profiles of the MS-Ti3C2Tx MXene electrode recorded at 
0.5 mV s-1 with different negative cut-off potentials. The electrochemical signature is remarkable as 
it differs from what is today known for conventional MXene prepared from etching in HF or F-
containing electrolyte (named as HF-MXene) in non-aqueous electrolytes, as previously described 
in section 3 of Chapter I.22-24. As shown in Figure V-16b, Li+ intercalation/deintercalation reaction 
in HF- MXene25-29 occurs within a large potential window (usually from 0.05 V up to 3 V vs Li+/Li). 
Such a large operating potential window, resulting in a high average operating potential (>1.5 V vs. 
Li+/Li) for a negative electrode, drastically limits the interest of MXene materials for (Li-ion) battery 
applications. Also, Li-ion intercalation/de-intercalation reaction in HF-Ti3C2 MXene is achieved in 
a sequential way resulting in the presence of sets of redox peaks associated with Li+ intercalation in 
interlayer slits26. Instead, the charge storage mechanism in MS-Ti3C2Tx MXene is achieved by a 
constant current versus applied potential, similarly to what is observed in a pseudocapacitive 
material, with an almost constant current during reduction and oxidation process in a potential range 
between 2.2 V vs. Li+/Li and 0.2 V vs. Li+/Li. This CV signature indicates that the MS-Ti3C2Tx 
MXene electrode exhibits a pseudocapacitive-like behavior, which would benefit its power 
performance. 
 













Figure V-16. CV profiles of (a) MS-Ti3C2Tx electrode at a scan rate of 0.5 mV s-1 with various cut-off 
negative potentials, and (b) HF-Ti3C2Tx electrode at a scan rate of 0.1 mV s-1 in LP30 electrolyte. (b) is 
adopted from ref26. 
 
Galvanostatic charge/discharge (GCD) measurements of MS-Ti3C2Tx electrode in LP30 was 
conducted at various current densities within a potential range of 0.2-2.2 V vs. Li+/Li. As shown in 
Figure V-17, a linear slopping voltage profile without any plateau was recorded in the potential 
range, as expected from the CVs shown in Figure V-16a. The unique GCD signature of the electrode 
further confirms a pseudocapacitive-like charge storage mechanism of the MS-Ti3C2Tx MXene. 
 
Figure V-17. Galvanostatic charge/discharge curves at current densities from 0.5 to 3 A g-1. 





As shown in Figure V-16a, the main capacity contribution comes from the low potential range 
region, which highlights the interest of such material to be used as a negative electrode in Li-ion 
containing electrolyte. In order to evaluate the capacities and capacitances of the MS-Ti3C2Tx 
MXene electrode, CV profiles were recorded at 0.5 mV s-1 with different positive cut-off potentials 
and presented in Figure V-18a. Capacities and capacitances of various potential ranges were derived 
from the CV profiles and are shown in Figure V-18b. As such, a higher capacity can be achieved at 
a larger potential window, while a narrow potential window translates to a higher capacitance. 
Specifically, a maximum capacity of 738 C g-1 (205 mAh g-1) is achieved within a full potential 
range of 2.8 V (from 0.2 to 3 V vs. Li+/Li) with a capacitance to 264 F g-1. 646 C g-1 (180 mAh g-1) 
can be still delivered within a potential window of 2 V (from 0.2 to 2.2 V vs. Li+/Li) together with 









Figure V-18. (a) CVs at 0.5 mV s-1 of MS-Ti3C2Tx MXene in LP30 electrolyte with various positive cut-off 
potentials; (b) Capacitance and capacity values in the different potential ranges from the anodic scan. 
 
In order to evaluate the power performance of MS-Ti3C2Tx MXene electrode, CV tests were 
conducted at various potential scan rates in the full potential range of 0.2-3 V vs. Li+/Li. Figure V-
19a gives the CV profiles of a MS-Ti3C2Tx electrode with a loading mass of around 1.4 mg cm
-2. 
Details of the discharge capacity and capacitance values of MS-Ti3C2Tx MXene electrode are 
presented in Figure V-19b and Table V-8. The capacitance of the MXene electrode at a scan rate of 
0.5 mV s-1 is 205 mAh g-1 (264 F g-1) with the full potential window of 2.8 V. This value corresponds 
to 0.4 electrons transferred per Ti atom (considering 10 mAh g-1 coming from the acetylene black), 





much higher than previously reported values22,30. As mentioned above, only -O and -Cl terminations 
are detected in MS-Ti3C2Tx MXene from the TPD-MS tests. Differently from –OH terminated 
MXene surface, Xie et al. reported from DFT calculations lower adsorption energy of Li onto -O 
terminated MXenes, resulting in stronger interaction between O and Li and improved Li capacity27. 
As a result, the absence of -OH surface groups and the high oxygen content of the MS-Ti3C2Tx 















Figure V-19. (a) and (c) CVs at various potential scan rates of a MS-Ti3C2Tx MXene electrode in LP30 
electrolyte. The active material weight loading is 1.4 mg cm-2 for (a) and 4 mg cm-2 for (c). (b) and (d) Change 
of the MXene electrode capacity versus the discharge time calculated from (a) and (c), respectively. 
 
A Ti3C2Tx electrode still delivers 142 mAh g
-1 for 280 s discharge time (13 C rate), and 75 mAh 
g-1 when the scan rate increases for discharge time of 28 s (scan rate of 100 mV s-1), which 
corresponds to capacitance retention of 37% as compared to the value of 0.5 mV s-1. This highlights 
the high-rate performance of MS-Ti3C2Tx MXene. Moreover, increasing the active material weight 





loading up to 4 mg cm-2 does not hinder the power capability of the Ti3C2Tx material as can be seen 
from Figure V-19c and d. Figure V-19d shows the discharge capacity values calculated from the 
CVs. The thicker electrode delivers 680 C g-1 (areal capacity of 2.72 C cm-2) at a scan rate of 0.5 
mV s-1 with a capacity retention of 35% at 100 mV s-1. 
 
Table V-8. Discharge capacity and capacitance values of a MS-Ti3C2Tx MXene electrode calculated 
from the anodic scan of the CVs (Figure V20a).  
Scan rate / 
mV s-1 
Capacitance 
/ F g-1 
Capacity / C g-1 
(and mAh g-1) 
C-rate Coulombic 
efficiency / % 
0.5 264 738 (205) 0.6 98 
1 240 672 (187) 1.3 98 
2 230 645 (179) 2.6 97 
5 205 576 (160) 6.4 98 
10 183 511 (142) 13 99 
20 159 445 (124) 26 100 
50 122 340 (94) 64 100 
100 97 271 (75) 128 100 
 
The high-rate performance of the MS-Ti3C2Tx MXene electrode is further confirmed by the 
galvanostatic test within the full potential range of 0.2 to 3 V vs. Li+/Li (Figure V-20a). Specifically, 
it can deliver 210 mAh g-1 within 1h and 80 mAh g-1 within 20 s (capacity retention of 38%). Those 
results suggest that MS-Ti3C2Tx MXene materials can serve as a high rate anode electrode for Li-
ion storage. In addition, cycle stability was impressive with 90% capacity retention after 2,400 


















Figure V-20. (a) Charge/discharge capacities of MS-Ti3C2Tx calculated from galvanostatic tests at different 
C-rate, with the potential range from 0.2 to 3 V vs. Li+/Li. The active material weight loading is 1.1 mg cm-2 
(b) Long cycling at 30 C-rate, 90% of capacity retained after 2400 cycles. Note that, C-rate used here was 
obtained according to the discharging time, for the sake of a better comparison with CV tests. 
 
Finally, Ti3C2Tx MXene prepared from Ti3AlC2 MAX precursor exhibits similar 
electrochemical behavior in LP30 as MS-Ti3C2Tx prepared from Ti3SiC2 MAX phase. Almost 
identical CV signatures were observed (Figure V-21a). This Al-MAX derived MXene electrode 
delivers 730 C g-1 at a scan rate of 0.5 mV s-1 together with a capacity retention of 36% at a scan 
rate of 100 mV s-1 (Figure V-21b). These results indicate that the Lewis acidic molten salts etching 








Figure V-21. (A) CVs at various potential scan rates of a Ti3C2Tx MXene electrode prepared from Ti3AlC2 
MAX phase in LP30 electrolyte. (B) Change of the Ti3C2Tx MXene electrode capacity versus the discharge 
time during CVs recorded at various potential scan rates. The active material weight loading is 1.1 mg cm-2. 





To summarize, a high-rate electrochemical performance was achieved in non-aqueous systems 
by the MS-Ti3C2Tx MXene electrode prepared from the Lewis acid etching method. Differently from 
HF-MXene in the same electrolyte (LP30), pseudocapacitive-like electrochemical signatures were 
observed in MS-Ti3C2Tx MXene, offering some clues to the origin of the high-rate performance. In 
the following content, in situ technique and electrochemical techniques were performed to get more 
insights into the charge storage mechanisms of MS-Ti3C2Tx MXene electrode in non-aqueous 
electrolytes. 
 
4.2 Understanding the charge storage mechanism of MS-Ti3C2Tx MXene in LP30 
The charge storage mechanism of MS-Ti3C2Tx MXene was investigated using in situ XRD 
technique during electrochemical cycling. 2-electrodes Swagelok cell system (see Figure V-22a), 
using MS-Ti3C2Tx MXene film as the working electrode, beryllium window as the current collector, 
and Li metal as the counter electrode, was used to perform the electrochemical test for the in situ 
XRD measurements. Figure V-23b shows an image of the in situ XRD setup, where a Bruker D8 
Advance diffractometer using Cu Kα radiation source was used to record XRD patterns, in situ cell 
connected with a Biologic potentiostat to conduct the electrochemical cycling. All XRD patterns 
were recorded during the cyclic voltammetry test at a potential scan rate of 0.5 mV s-1. The (002) 
peak located between 6° to 10° was recorded to calculate the interlayer d-spacing.  






Figure V-22. Optical photos of in situ XRD cell (a) and in situ XRD testing setup (b). (a) is reproduced from 
ref31. 
 
Figure V-23 shows the change of the (002) peak position during anodic and cathodic scans for 
three different cycles. The initial d-spacing was found to be ~11.02 Å, and the peak position was 
found to be roughly constant during the polarization with a maximum change of 0.25 Å. The small 
value of the d-spacing indicates that MXene layers are separated by about 3 Å: this supports the 
intercalation of fully de-solvated Li+ ions between the MXene layers, such as recently reported22, 
blocking the co-intercalation of solvent molecules and resulting in improved electrochemical 
performance. During the cathodic scan, Li+ ions are intercalated between the MXene layers; this is 
assumed to be associated with the change in the oxidation state of Ti, such as observed in lithium-





ion batteries during Li+ intercalation27. Li+ de-insertion from the MXene structure occurs during the 
anodic potential scan, with a remarkable mirror-like CV shape. This result suggests an intercalation 
pseudocapacitive-like charge storage mechanism of MS-Ti3C2Tx MXene electrodes. 
 
Figure V-23. In situ XRD maps of the (002) peak during anodic and cathodic scans for 3 different cycles; 
the peak position shift is less than 0.25Å during cycling. 
 
Electrochemical impedance spectroscopy measurements were also made at various constant 
potentials vs. Li+/Li to understand the electrochemical performance of the MS-Ti3C2Tx MXene 
material (Figure V-24a). Electrochemical impedance spectroscopy (EIS) was carried out with a 
voltage amplitude of +/-10 mV in the 10 mHz to 200 kHz frequency range. All the Nyquist plots 
show similar features with a high-frequency semi-circle followed by a fast increase of the imaginary 
part of the impedance at low frequencies. The high-frequency semi-circle loop is assigned to the 
charge-transfer resistance of about 25 Ω cm2, which is almost three times larger than the one 
observed with a porous MXene electrode in propylene carbonate-based electrolyte.20 The near-
vertical imaginary parts at low frequency range indicate a capacitive-like charge storage kinetics 
instead of a diffusion dominated process, as can be seen from the absence of a Warburg-like region 
in the mid-frequency range (45° line).  
Moreover, the charge storage kinetics are further investigated by determining the b-value 





following equation:  
𝑖 = 𝑎𝑣𝑏                                                                     (V − 9) 
As mentioned in Chapter I, it has been suggested that a b-value of 1 relates to the non-diffusion 
controlled (capacitive surface-like, for instance) process, while a b-value of 0.5 identifies a 
diffusion-controlled (bulk) process.32-33 Figure V-24b shows the change of the peak current (i) versus 
scan rate plot in log scale from 0.5 to 100 mV s-1. A linear relationship with a slope of 1 is observed 
in a scanning potential rate range from 0.5 to 20 mV s-1, indicating charge storage kinetic is not 
limited but the lithium diffusion. The deviation from this linear at higher scan rates (>20 mV s-1) 











Figure V-24. (a) The electrochemical impedance spectroscopy plots recorded at various bias potentials. The 
Nyquist plots show a high-frequency loop of about 25 Ω cm² associated with the charge transfer resistance, 
and a diffusion-restricted behavior at low frequency. (b) Change of the peak current with the potential scan 
rate in the log scale. A slope of 1 stands for a surface-controlled process, while a slope of 0.5 indicates a 
diffusion-controlled reaction.  
 
In this section, the charge storage mechanisms of MS-Ti3C2Tx MXene electrode in the non-
aqueous electrolyte were investigated by using in situ XRD and electrochemical techniques. The 
XRD and the electrochemical results suggested an intercalation pseudocapacitive-like charge 
storage mechanism of the MS-Ti3C2Tx MXene electrode, achieved by de-solvated Li
+ ions 





intercalation/deintercalation. This pseudocapacitive-like behavior was further confirmed by the EIS 
results and b-value evaluations.  
 
4.3 Electrochemical performance of MS-Ti3C2Tx in acidic electrolyte 
As we mentioned in the previous chapters, Ti3C2Tx MXene has been widely used as 
pseudocapacitive electrode material in aqueous electrolytes, especially in acidic electrolytes. In 
Chapter IV, a high pseudocapacitance of 343 F g-1 (corresponding to 95 mAh g-1) was achieved by 
using a Ti3C2Tx electrode derived from the HF-contained etching route in 3 M H2SO4 aqueous 
electrolyte. We demonstrated that the presence of H2O molecules in-between the MXene layers 
plays a critical role in the pseudocapacitive behavior, providing a pathway for proton transport to 
activate the redox reaction of the Ti atoms. More importantly, according to our results in Chapter 
IV, the presence of the confined H2O molecules is seemed mainly controlled by the -OH termination 
groups. However, since there is no existence of -OH termination groups in the MS-Ti3C2Tx MXene 
prepared from the Lewis acid etching method, a MS-Ti3C2Tx MXene electrode may not exhibit a 
pseudocapacitive redox mechanism in H2SO4 aqueous electrolyte.  
 
Figure V-25. Comparison of CV plots of MS-Ti3C2Tx electrode (red line) and HF-Ti3C2Tx electrode (black 
line) at a scan rate of 20 mV s-1 in 3 M H2SO4 electrolyte. 
 
To check that, a MS-Ti3C2Tx electrode was tested in 3 M H2SO4 aqueous electrolyte in a 3-





electrode set-up (see Figure II-3 in Chapter 2). Figure V-25 shows the comparison of the CV profiles 
of the MS-Ti3C2Tx (red) and the HF-Ti3C2Tx (black) electrode at a scan rate of 20 mV s
-1. As 
expected, a couple of redox peaks around -0.7 V (vs. Hg/Hg2SO4) observed for the HF-MXene 
material vanishes in the MS-Ti3C2Tx electrode. A low capacitance value of 60 F g
-1 (corresponds to 
15 mAh g-1) was calculated from the CV plot (from equations IV-1 and IV-2, Chapter IV), for the 
MS-Ti3C2Tx., confirming the need for -OH termination groups in the aqueous acid electrolyte to 
achieve a pseudocapacitive behavior.  
  






In this chapter, a general Lewis acid etching method was successfully proposed to prepare 
multilayered MXene materials. Various MXenes were prepared from different MAX phases by the 
removal of A element using Lewis acid molten salts. This was made possible by selecting suitable 
MAX phase precursors/Lewis salts considering two parameters: 1) the electrochemical redox 
potentials of redox couple in halide melts, and ii) the Gibbs free energy of the etching reaction at 
defined temperatures. The obtained MS-Ti3C2Tx MXene was terminated with -O and -Cl groups, 
absence of -OH and -F groups that normally exist in aqueous etching solutions containing fluoride 
ions. 
MS-Ti3C2Tx MXenes were further electrochemically characterized in non-aqueous electrolyte 
(LP30) and aqueous electrolyte (H2SO4). The combination of mirror-like electrochemical signature 
in non-aqueous Li-ion containing electrolyte, together with high capacity, high-rate discharge and 
charge performance (less than one minute) and the low operating potential range (0.2–2.2 V vs. 
Li+/Li) makes this Ti3C2 MXene prepared from molten salt derivation route relevant as a negative 
electrode in electrochemical energy storage devices (batteries and Li-ion capacitors). In acidic 
electrolyte, the pseudocapacitive redox reaction observed with HF-MXene was not observed using 
MS-Ti3C2Tx MXenes due to the absence of -OH termination groups, thus confirming the results of 
the pseudocapacitive charge mechanism of Ti3C2Tx MXene in acidic electrolyte proposed in Chapter 
IV. 
As a result, the general Lewis acidic etching route proposed here expands the range of MAX 
phase precursors that can be used to prepare new MXenes. On top of that, such a synthesis route 
offers unprecedented opportunities for tailoring the surface chemistry and consequently the 
properties of MXene materials. Thus, it makes it possible to match the surface chemistry to the 
electrolyte for better overall performances. 
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The main objective of this thesis was to synthesize and characterize 2D Ti3C2Tx MXene 
materials for electrochemical energy storage applications. Two kinds of synthesized methods were 
used to prepare MXenes, including HF-contained etching route (note as HF-Ti3C2Tx) and Lewis 
acidic etching route (note as MS-Ti3C2Tx). The electrochemical performances of these MXenes were 
investigated in both aqueous and non-aqueous systems, and results showed that MXenes prepared 
from different methods end up with different termination groups that strongly affect their 
electrochemical properties. This thesis started with a kinetic study of the pseudocapacitive behaviors 
of HF-Ti3C2Tx MXene electrodes in aqueous electrolytes, then the electrochemical performances of 
MS-Ti3C2Tx were evaluated in non-aqueous electrolytes. The set of results collected here not only 
helped in understanding the electrochemical behavior of MXenes but also pushed further our 
fundamental understanding of the pseudocapacitive charge storage mechanism. It paves the way 
toward the design of materials exhibiting both high-rate performance and high capacity, that can be 
further used to assemble high power batteries or high energy density supercapacitors. 
 
Kinetic study of HF-Ti3C2Tx MXene electrodes in aqueous electrolytes 
Dunn’s method1 based on the deconvolution of the current into surface capacitive (changing 
with v) and diffusion-limited contributions (changing with v1/2) was used to analyze the 
pseudocapacitive behaviors of Ti3C2Tx electrodes in various aqueous electrolytes. The i-v 
relationships were conventionally obtained from the cyclic voltammetry (CV) technique, which 
suffers from ohmic limitations at a high potential scan rate resulting in distorted cyclic 
voltammograms. To address such concerns, an advanced multiple-step chronoamperometry 
(MUSCA) method was designed to rebuild the i-v functions with minimized ohmic drops, to reach 
a better definition of the electrochemical signature – peak positions and separation are improved. 
The MUSCA method relies on minimizing the potential distribution inside the volume of the studied 
electrode during the potential step, to reach a homogeneous state of charge at the end of each 
potential step. The contributions of the surface and bulk processes to the total charge in the MXene 
electrode were obtained by using the i-v functions obtained from the MUSCA method. In acidic 
electrolytes, the surface process dominates at a higher scan rate of 100 mV s-1 (80% of the total 
current), while the bulk process takes over at a low scan rate lower than 2 mV s-1 (60% of the total 
current). A similar trend was obtained in alkaline electrolytes. In neutral electrolyte, the surface 
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process dominates the MXene electrode kinetics at both high and low scan rates, which consistent 
with the capacitive signature (rectangular shape) of the CV plots. 
 
Charge storage mechanisms of HF-Ti3C2Tx MXene electrodes in H2SO4 
The charge storage mechanism of Ti3C2Tx MXene electrodes in H2SO4 was investigated by 
combining electrochemical measurements, ex situ and in situ techniques (XRD for instance) and 
molecular dynamics (MD) simulation works. First, we demonstrated that the content of pre-
intercalated H2O and -OH termination groups of MXene can be tuned by annealing the samples at 
different temperatures without changing the 2D nature and composition of titanium carbide. Thanks 
to this study, a charge storage mechanism in Ti3C2Tx MXenes in H2SO4 was proposed, driven by the 
intercalated water content, and the presence of -OH termination groups makes it possible to re-
intercalate water in-between the 2D MXene layers. Another important finding is that enhanced high-
rate electrochemical performance was observed when -OH groups of MXenes were partially 
removed during the annealing process. With the help of in situ techniques and MD simulation, we 
confirmed that the H2O molecules in-between MXene layers can trigger the redox activity of Ti and 
enable the fast charge compensation through H+ transportation via a Grotthuss mechanism. 
Moreover, a large amount of -OH is assumed to break the organization of the H2O molecules 
between the layers, resulting in a less effective proton transport mechanism and thus a limited power 
performance for the Ti3C2Tx electrode. 
 
New MXene materials prepared by Lewis acidic etching route with enhanced electrochemical 
performance in non-aqueous electrolyte 
Differently from the MXenes reported in the literature, we prepared multilayered MXene 
materials via a molten salt method using Lewis acid as the etchant. Various MXenes were 
successfully obtained from different MAX phases by careful selection of the MAX phase 
precursors/Lewis salts considering two parameters: electrochemical redox potentials of redox couple 
in halide melts and the Gibbs free energy of the etching reaction at the reaction temperatures. The 
surface terminations of the newly-prepared MS-Ti3C2Tx MXene was mainly -O and -Cl groups in 
these fluorine-free synthesis baths; importantly, no -OH groups were found, differently from 
MXenes prepared using aqueous HF-containing etching solutions.  
In acidic electrolyte, the pseudocapacitive redox reaction observed in HF-MXene was not 
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present in MS-Ti3C2Tx MXenes due to the absence of -OH termination groups in the latter, in good 
agreement with the pseudocapacitive charge storage mechanism of Ti3C2Tx MXene in acidic 
electrolyte proposed in Chapter IV. 
MS-Ti3C2Tx MXenes were then further electrochemically tested as a negative electrode in Li 
ion containing non-aqueous electrolyte. A symmetric, pseudocapacitive-like CV signature was 
obtained during the Li intercalation/deintercalation reaction, associated with high power 
performance. The discharge capacity of the MS-Ti3C2Tx MXene powder reaches 738 C g
-1 (205 
mAh g-1) for a discharge time of 1.5 h (C/1.5 rate) within a potential window of 2.8 V and still 
delivers 75 mAh g-1 for a discharge time below 30 s (128 C-rate). Also, 646 C g-1 (180 mAh g-1) can 
be still delivered within a potential window of 2 V (from 0.2 to 2.2 V vs. Li+/Li) together with a 
record capacitance of 323 F g-1 for MXene in non-aqueous electrolytes. In situ XRD results 
suggested an intercalation/deintercalation of de-solvated Li+ ions between the MXene layers during 
the electrochemical process, which similar to a recently reported.2 The combination of mirror-like 
electrochemical signature, high-rate performance and the low operating potential range makes MS-
Ti3C2Tx MXene prepared from the molten salt method a promising negative electrode in 
electrochemical energy storage devices (batteries and Li-ion capacitors). Furthermore, the general 
Lewis acidic etching route offers not only a new synthetic strategy to prepare new MXenes from an 
expanded range of MAX phase precursors but also unprecedented opportunities for tuning the 
surface chemistry and consequently the properties of MXene materials. 
  




2D Ti3C2Tx MXenes have shown great promises as pseudocapacitive materials for 
electrochemical energy storage. During this work, we developed an advanced electrochemical 
technique termed as MUSCA to study the electrochemical kinetics of MXene electrodes. This 
MUSCA technique could also be used to achieve the electrochemical characterization of other 
systems as to be seen in a recent paper3 that provides a theoretical validation of the method to study 
pseudocapacitive electrodes in general.  
This work also demonstrated that the presence of H2O molecules confined in-between the 
Ti3C2Tx MXene layers and surface terminations have a significant impact on the charge storage 
mechanisms. It offers a new strategy to optimize the electrochemical performances of various 
MXenes by tuning the surface chemistry in aqueous systems, provides opportunities in designing 
high rate performance MXene electrodes for energy storage systems, such as hybrid devices.  
In the last part, we proposed a general Lewis acidic etching route to prepare MXenes from a 
wide expanded range of MAX phases. To date, around 155 MAX phase compositions have been 
reported from conventional etching route based on F-containing electrolytes.4 Our new synthesis 
method opens new paths to prepare MXenes with improved performance in non-aqueous electrolyte, 
where the energy density can be greatly improved. Moreover, although enhanced electrochemical 
performances were obtained, the charge storage mechanism remains incomplete and more insights 
regarding the role of the M metal (Ti, Nb…) and surface terminations for Li+ storage are then needed. 
Last but not least, the Lewis acidic etching route offers great opportunities to tune the surface 
chemistry by careful selection of suitable etchant, as demonstrated by a very recent report in the 
Science journal following our work5; this can then benefit to a broad range of applications beyond 
electrochemical energy storage, such as catalysis, sensors, electromagnetic interference shielding, 
water treatment, etc. 
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Résumé de Thèse 
Introduction Générale 
Les problèmes environnementaux croissants, tels que le réchauffement de la planète et le 
changement climatique, principalement provoqués par la consommation d'énergies fossiles, sont 
depuis maintenant plusieurs dizaines d’années au cœur des préoccupations sociétales. L’une des 
réponses à ces considérations réside dans le développement de sources d'énergie renouvelables et 
durables. C'est pourquoi de grands efforts ont été déployés pour développer des sources d'énergie 
alternatives, notamment en matière d’énergie hydroélectrique, solaire, éolienne, marémotrice, 
géothermique, nucléaire, bioénergie, etc. En principe, ces sources d'énergie peuvent être converties 
en électricité et ensuite distribuées sur le réseau. Toutefois, étant donné leur caractère intermittent, 
les énergies renouvelables (par exemple, la lumière du soleil, le vent) doivent être combinées à des 
systèmes de stockage de l'énergie pour assurer une distribution continue et fiable ; les dispositifs de 
stockage électrochimique de l'énergie (SEE) semblent tout indiqués pour répondre à remplir ce rôle. 
Les systèmes de SEE les plus couramment utilisés aujourd'hui sont les batteries et les condensateurs 
électrochimiques (CE, également appelés supercondensateurs). Les batteries, l'un des principaux 
dispositifs de SEE sur le marché de l'énergie, peuvent fournir une grande quantité d'énergie (> 200 
Wh kg-1) grâce à des réactions faradiques dans le volume des matériaux d’électrodes en contact avec 
un électrolyte, généralement accompagnées d'interconversions chimiques et de changements de 
phase. Ces réactions faradiques présentent toutefois une cinétique lente, souvent associée à des 
processus irréversibles, ce qui limite la puissance et la durée de vie des systèmes.1 D'autre part, les 
CE stockent la charge à l'interface électrode/électrolyte, via un processus physique non faradique 
d'adsorption/désorption d'ions pour les condensateurs électriques à double couche (EDLC) ou des 
réactions faradiques rapides et non diffusantes pour les matériaux pseudo-capacitifs.2-3 Ces 
mécanismes de stockage d'énergie capacitive rapides et hautement réversibles confèrent aux CE des 
puissances élevées et une longue durée de vie.4 En outre, ils peuvent se décharger et se recharger sur 
un million de cycles. Ils sont aujourd'hui utilisés dans un large éventail d'applications où une 
puissance élevée est nécessaire, comme la récupération d'énergie.5-6 Toutefois, la densité 
énergétique limitée (~10 Wh kg-1 pour les meilleurs dispositifs commerciaux) entrave encore le 
développement de cette technologie.  
On comprend alors le grand intérêt porté au développement de matériaux actifs qui répondent 
simultanément aux besoins de haute énergie (batteries) et de haute densité de puissance 




(supercondensateurs). Les matériaux pseudo-capacitifs incarnent une véritable piste de recherche, 
car ils offrent une capacité supérieure à celle des EDLC grâce à des réactions faradiques, et des 
performances plus rapides que les piles en raison de leurs mécanismes de stockage d'énergie 
capacitifs.3 De nombreux matériaux pseudo-capacitifs ont été répertoriés, tels que les oxydes 
métalliques, les polymères conducteurs, les sulfures bidimensionnels (2D) et les carbures 
métalliques (MXenes). Par exemple, une capacité volumétrique ultra-élevée au-delà de 1500 F cm-
3 peut être obtenue avec des Ti3C2Tx MXenes lorsqu'ils sont utilisés comme électrodes EC dans des 
électrolytes acides aqueux, et une puissance élevée peut être obtenue en concevant des électrodes 
MXenes 3D spécifiques poreuses ou alignées verticalement. En revanche, les MXenes fonctionnent 
principalement en electrolyte aqueux, ce qui limite la tension de cellule à 0,6 -1 V en fonction des 
collecteurs de courant utilisés, et donc les densités d’énergie délivrées. 
Dans cette thèse, nous nous sommes largement concentrés sur l'étude des matériaux Ti3C2Tx 
MXene 2D pour le stockage électrochimique de l'énergie avec deux objectifs principaux : i) 
améliorer notre compréhension de base des mécanismes de stockage de charge dans le Ti3C2Tx 
MXene dans des électrolytes acides aqueux et ii) faire fonctionner le MXene dans des électrolytes 
non aqueux en optimisant la chimie de surface, pour améliorer leur densité énergétique. 
Le chapitre I dresse un état de l’art des systèmes électrochimiques et couvre les concepts de 
base, les classifications, les principes de fonctionnement et les caractéristiques clés des matériaux et 
des dispositifs pour les applications électrochimiques. L'accent sera mis sur les matériaux pour le 
stockage capacitif, en particulier sur les mécanismes de stockage de charge dans les matériaux 
pseudo-capacitifs tels que le MXene 2D. 
Le chapitre II présente les procédures expérimentales, énumère les techniques d'analyse 
chimique, et détaille les techniques d'analyse électrochimique ainsi que le montage utilisés dans ce 
travail. 
Le chapitre III est consacré à l’étude des comportements pseudo-capacitifs des électrodes 
Ti3C2Tx dans divers électrolytes aqueux par une analyse chronoampérométrique avancée à plusieurs 
étapes ; cette technique vise à étudier la cinétique de réaction électrochimique d'une électrode 
pseudo-capacitive, en minimisant la contribution des chutes ohmiques. 
Lacompréhension des mécanismes de stockage de charge du Ti3C2Tx MXene dans l'électrolyte 
H2SO4 sera détaillée dans le chapître IV, en combinant des travaux expérimentaux (mesures 
électrochimiques, techniques ex situ et in situ) et des simulations de dynamique moléculaire. 




Le chapitre V présente une nouvelle méthode de synthèse pour préparer des matériaux 
multicouches de MXene avec des groupes fonctionnels de surface contrôlés, permettant d'améliorer 
les performances électrochimiques dans un électrolyte non aqueux.  
La dernière section résume les conclusions générales et donne des perspectives d'avenir 
inspirées par ces travaux. 
 
Chapter I 
Les systèmes électrochimiques les plus couramment utilisés sont les batteries, condensateurs 
électrochimiques (CE, également appelés supercondensateurs) et dispositifs hybrides (HD), qui 
diffèrent selon les mécanismes de stockage de la charge impliqués. De manière générale, il existe 
trois principaux types de matériaux actifs utilisés pour les dispositifs électrochimiques, à savoir les 
matériaux de type batterie, les matériaux capacitifs et les matériaux pseudo-capacitifs.7  
Les matériaux de type batterie stockent l'énergie via des réactions faradiques avec des 
électrolytes, qui engendrent généralement des interconversions chimiques et des changements de 
phase, fournissant un supplément d'énergie élevé.1 Cependant, ces réactions faradiques de type 
batterie subissent une cinétique lente et des processus irréversibles, conduisant à des performances 
de puissance et une durée de vie limitées.1 En revanche, les matériaux capacitifs stockent la charge 
à l'interface électrode/électrolyte, via une séparation de charge par un processus physique 
d'adsorption/désorption des ions, connu sous le nom de condensateurs électrique à double couche 
(EDLC). Dans l'idéal, la capacité est obtenue par un processus capacitif non faradique, puisqu'il n'y 
a pas de transfert d’électrons àl'interface lors de l’accumulation des charges, ce qui se traduit par 
une dépendance linéaire de la charge stockée avec la variation de potentiel. Ces mécanismes de 
stockage rapides et hautement réversibles font du matériau capacitif un bon candidat pour stocker et 
délivrer des puissances élevées un grand nombre de cycles. Cependant, la densité énergétique des 
matériaux capacitifs est souvent d'un ordre de grandeur inférieur à celle des matériaux de type 
batterie. Les matériaux pseudo-capacitifs tirent leur énergie de réactions d'oxydoréduction rapides 
et non cinétiquement limitées, ce qui leur confère des comportements électrochimiques similaires à 
ceux des électrodes capacitives.7 Par conséquent, les matériaux pseudo-capacitifs peuvent se 
charger/décharger beaucoup plus rapidement que les matériaux de type batterie tout en présentant 
une énergie plus élevée par rapport aux EDLC.3 Ce type de matériaux actifs offre la possibilité d’un 
compromis entre densités d'énergie et de puissance élevées.  




Récemment, les carbures, carbonitrures et nitrures (MXenes) de métaux de transition 
bidimensionnels (2D) ont été identifiés comme des matériaux prometteurs pour les applications de 
stockage d'énergie pseudo-capacitif grâce à des propriétés uniques, telles qu’une haute conductivité 
électronique et ionique intrinsèque, une surface hautement accessible et la présence de sites actifs 
redox.8 Par exemple, une capacité volumétrique ultra-élevée au-delà de 1500 F cm-3 peut être 
obtenue avec des MXenes Ti3C2Tx lorsqu'ils sont utilisés comme électrodes CE dans des électrolytes 
acides aqueux, et une puissance élevée est possible en concevant des électrodes MXenes 3D 
spécifiques, poreuses ou alignées verticalement.8 Toutefois, l'étroite fenêtre de potentiel qui peut 
être atteinte dans les électrolytes aqueux qui subissent une décomposition de l’eau au-delà de 1V 
limite la densité énergétique de ces dispositifs, et par extension leur utilisation dans des applications 
pratiques. 
L'objectif principal de cette thèse était de synthétiser et de caractériser des matériaux Ti3C2Tx 
MXene 2D dans des systèmes aqueux et non aqueux. Les objectifs sont les suivants : 
a) Caractérisations électrochimiques des matériaux Ti3C2Tx MXene préparés en utilisant des 
solutions aqueuses de gravure contenant du F. L'étude de  cinétique électrochimiques des électrodes 
de Ti3C2Tx MXene sera effectuée dans divers électrolytes aqueux. Ce travail explorera également le 
mécanisme de stockage de charge des électrodes de Ti3C2Tx dans l'électrolyte H2SO4 où les capacités 
volumétriques records ont été rapportées. 
b) Trouver de nouvelles stratégies de synthèse pour produire des matériaux à base de MXene 
avec une chimie de surface contrôlable. Nous étudierons dans un premiers temps les propriétés 
électrochimiques des matériaux Ti3C2Tx MXene obtenus dans un système non aqueux. 
 
Chapter II 
Dans ce chapitre, les produits chimiques utilisés pour les processus de synthèse, les tests 
électrochimiques, et les techniques de caractérisation des matériaux ont été détaillés.. Des 
discussions spécifiques ont été abordées concernant les techniques d'analyse électrochimique et les 









Les 2D Ti3C2Tx MXene ont été largement étudiées en tant que matériaux d'électrode pseudo-
capacitifs dans les systèmes aqueux.8 Distinguer les processus de surface et de volume des électrodes 
de Ti3C2Tx MXene aidera non seulement à comprendre le comportement électrochimique naturel 
des MXenes, mais aussi à concevoir de meilleurs systèmes de stockage d'énergie. Ce chapitre est 
donc consacré à l'étude électrochimique du comportement pseudo-capacitif d’électrodes de compact 
Ti3C2Tx dans les électrolytes aqueux. Nous avons proposé dans ce chapitre une méthode qualitative 
générale appelée chronoampérométrie à étapes multiples (MUSCA), qui est destinée à calculer des 
voltammogrammes rétrocycliques à différentes vitesses de balayage de potentiel avec des limitations 
ohmiques minimisées, permettant ainsi l'étude électrochimique et cinétique d'une électrode 
pseudocapacitive. 
Parmis les nombreuses techniques électrochimiques de déconvolution des processus de surface 
et de volume dans des électrodes de stockage d'énergie disponibles,  nous avons appliqué la méthode 
de Dunn dans ce chapître. Dunn et al.9 ont en effet proposé une méthode basée sur la déconvolution 
du courant en contributions capacitives (changeant avec v) et limitées en diffusion (changeant avec 
v1/2) à chaque potentiel, conduisant aux équations 1 et 2 : 
𝑖(𝑣) = 𝑘1𝑣 + 𝑘2𝑣
1/2                                                                  1 
𝑖(𝑣)/𝑣1/2 = 𝑘1𝑣
1/2+𝑘2                                                            2 
où k1 et k2 sont deux constantes, i le courant (A/cm²) et v la vitesse de balayage du potentiel (V/s). 
k1 et k2 peuvent être calculées à l'aide de l'équation 2 en traçant le courant en fonction de v
1/2 et les 
contributions capacitives (k1v) et à diffusion limitée (k2v
1/2) peuvent être obtenues à chaque potentiel 
à différentes vitesses de balayage. Mais comme mentionné précédemment, la relation linéaire de 
l'équation 2 n'est plus valable à des vitesses de balayage élevées lorsque la chute ohmique (iR) ne 
peut pas être négligée (à cause du courant élevé), ce qui conduit à une distorsion des 
voltampérogrammes cycliques.10-11 
Résultats 
La Figure 1a révèle les voltammogrammes cycliques (CV) d'une électrode massive de Ti3C2Tx 
MXene dans du H2SO4 concentré à 3 M, qui présentent des signatures électrochimiques similaires à 
celles precedemment reportées.12 Une caractéristique clé des CV réside dans la dérive des pics de 
potentiel anodique vers un potentiel plus élevé avec des vitesses de balayage de potentiel croissantes ; 




un tel comportement n'est pas observé pour le pic cathodique. Cette dérive des pics anodiques vers 
un potentiel plus élevé avec une augmentation de la vitesse de balayage du potentiel dans les CV 
peut être attribuée à une cinétique électrochimique intrinsèque lente de l'électrode ou/et à une 
limitation ohmique, puisque l'augmentation de la vitesse de balayage du potentiel entraîne une 
augmentation du courant. Comme indiqué précédemment, cette limitation ohmique rend difficile 
l'étude de la cinétique électrochimique avec la vitesse de balayage du potentiel. Par conséquent, afin 
de réduire les limitations ohmiques et d'obtenir une relation i-v plus fiable, une solution serait 
d'utiliser une technique à l'état quasi-stationnaire: au lieu d'utiliser une rampe de tension linéaire 
continue ou une voltampérométrie en escalier rapide, un escalier de tension à l'état quasi-stationnaire 















Figure 1. (a) Voltammogrammes cycliques (CV) de l'électrode Ti3C2Tx MXene à différentes vitesses de 
balayage. (b) Ensemble complet de données pour le test MUSCA. (c) tracé élargi de la réponse i-t pour une 
étape potentielle de 100 mV. (d) Graphique CV calculé à partir des mesures MUSCA réalisées avec un pas 
de potentiel de 100 mV. Toutes les données ont été collectées en 3M H2SO4. 




Nous avons alors proposé d'utiliser le MUSCA pour obtenir la relation i-v. L'avantage de la 
technique MUSCA est de minimiser la contribution ohmique puisque chaque nouvelle étape 
potentielle (n) est atteinte après avoir atteint l'état d'équilibre complet au courant minimum de l'étape 
(n-1). Dans la plupart des potentiostats commerciaux modernes disponibles aujourd'hui, une 
expérience de voltampérométrie cyclique de base est réalisée en utilisant un potentiel de rampe 
d'escalier. Elle consiste en des pas de potentiel de petite amplitude pendant un temps très court - par 
exemple, un pas de 0.1 mV pendant 5 ms - correspondant à 20 mV s-1.13 Une augmentation linéaire 
similaire de l’amplitude des pas de potentiel et des intervalles de temps ne devrait pas modifier les 
vitesses de balayage (v = dE/dt). Contrairement à la CV classique, la technique MUSCA utilise un 
très grand pas de 120 s au lieu variation de temps infinitésimales, quelle que soit l’amplitude du pas 
de potentiel (25, 50, 100 mV). Par conséquent, dans le cadre d'une seule mesure 
chronoampérométrique de potentiel, le courant correspondant au pas de potentiel peut être calculé à 
différentes vitesses de balayage selon:  






                                                                            4 
où ΔV est l'amplitude de pas de potentiel, Δt est le temps sélectionné, et i est le courant de réponse. 
Par exemple, un pas de potentiel de 100 mV pour une durée de 120 s offre une vitesse de balayage 
minimum de 0.83 mV s-1 ou plutôt de 10 mV s-1, si l'on considère uniquement les 10 premières 
secondes. 
En effet, pour un pas de 100 mV, la plage de potentiel de 0,0 à -0,9 V (par rapport à l' référence) 
ne donne que quelques points pour un cycle de charge/décharge, ce qui n'est pas suffisant pour 
reconstruire un tracé de CV. Dans ce cas, cinq mesures ont été effectuées à partir de différents 
potentiels initiaux (0.0, -0.02, -0.04, -0.06 et -0.08 V par rapport à l'ER) afin de collecter davantage 
de points à des potentiels plus élevés, pour calculer les courbes de CV (voir Figure 1b). La figure 1d 
montre les CV calculés sur la base des mesures MUSCA. La principale différence avec les CV 
expérimentaux (Figure 1a) est le faible décalage des pics avec la vitesse de balayage du potentiel 
pour les CV calculés. Ces observations soulignent le principal avantage de l'utilisation de la méthode 
MUSCA, qui peut fournir des données plus précises sur la relation i-v pour les études cinétiques 
électrochimiques. En effet, un décalage de crête dans les tracés de CV enregistrés à différentes 
vitesses de balayage de potentiel peut être attribué à la chute ohmique ou à une cinétique intrinsèque 
lente de l'électrode.14 Dans les mesures MUSCA, un intervalle de temps considérable permet de faire 




décroître le courant de réponse jusqu'à près de 0 avant le passage à la mesure chronoampérométrique 
suivante, avec un courant résiduel faible par rapport à l'étape de potentiel précédente. Alors que pour 
le test CV expérimental, en particulier à des vitesses de balayage élevées, un intervalle de temps très 
court n'est pas suffisante pour que le courant de réponse devienne dégligeable; ainsi le courant 
observé à chaque potentiel contient une contribution de courant résiduel de l'étape précédente qui 
s'accumule étape après étape pendant l'expérience. Comme indiqué précédemment, ces courants 
résiduels renforcent considérablement l'effet de chute ohmique à des vitesses de balayage élevées et 









Figure 2. Contributions des courants de surface et de volume à la charge totale aux vitesses de balayage de 
potentiels de (a) 20 mV s-1 et (b) 2 mV s-1. Les données ont été collectées et calculées à partir de mesures 
MUSCA en3M H2SO4. 
 
Nous avons ensuite appliqué la méthode de Dunn pour distinguer les processus de surface et 
de volume de l'électrode Ti3C2Tx MXene dans un électrolyte de 3M H2SO4 en utilisant la relation i-
v plus précise obtenue par la méthode MUSCA. Comme mentionné, la dérive du pic anodique avec 
l'augmentation de la vitesse de balayage a été considérablement réduite, de sorte que le 
voltampérogramme cyclique corrigé obtenu puisse maintenant être utilisé pour réaliser une analyse 
cinétique fiable. Selon l'équation 2, la déconvolution des valeurs de k1 et k2 à chaque potentiel permet 
de distinguer du courant total la contribution des mécanismes de surface (changement linéaire avec 
v), et des mécanismes de volume (changement linéaire avec v1/2). En déterminant k1 et k2 à partir de 
l'équation 2, la fraction du courant correspondant à k1v et k2v
1/2 à chaque potentiel peut être calculée. 
Les courants des processus de surface (zone ombrée en orange) et des processus globaux (zone 




ombrée en noir) sont calculés à des vitesses de balayage allant de 2 à 100 mV s-1, et les résultats 
obtenus pour des vitesses de balayage de 20 mV s-1 et 2 mV s-1 ont été illustrés Figure 2. Comme 
observé, les processus de surface contribuent à 67 % et 39 % de la charge totale à 20 mV s-1 et 2 mV 
s-1, respectivement, tandis que les contributions des mécanismes opérant dans le volume de 
l’électrode sont de 33 % et 61 %, respectivement.  
Des procédures MUSCA similaires ont également été réalisées pour caractériser l'électrode 
Ti3C2Tx dans un électrolyte alcalin de KOH concentré à 1 M et un électrolyte neutre de K2SO4 
concentré à 0.5 M. En milieu1M KOH, les mécanismes de surface et de volume contribuent à 68% 
et 32% de la charge totale, respectivement, à une vitesse de balayage de 20 mV s-1. En ce qui 
concerne les faibles vitesses de balayage, la proportion de processus surfaciques est réduite à 40% à 
2 mV.s-1, pour 60% de contribution volumique, confirmant ainsi la capacité de élevée de l'électrode 
MXene dans l'électrolyte de 1M KOH. Dans l'électrolyte neutre de 0,5M K2SO4, les processus de 
surface sont majoritaires pour les vitesses de balayage de 20 et 2 mV s-1, avec respectivement 89 % 
et 72 % de la charge totale. Ainsi, contrairement aux résultats obtenus avec les électrolytes acides et 
alcalins, les processus de surface dans l'électrolyte neutre dominent la cinétique de l'électrode 
MXene quelle que soit la vitesse de balayage. Un tel résultat est cohérent avec la signature capacitive 
des CV, révélant que la majeure partie du courant provient de la contribution électrochimique de la 
double couche. 
Conclusion 
Une méthode de chronoampérométrie à plusieurs étapes de potentiel (MUSCA) a été proposée 
pour calculer les CV des matériaux de MXene à différentes vitesses de balayage. La MUSCA permet 
de reconstituer les tracés CV en minimisant l'effet des chutes ohmiques résultant de courants élevés 
pour des  vitesses de balayage de potentiel élevées Les CV calculées pour le Ti3C2Tx MXene dans 
des électrolytes aqueux par la méthode MUSCA présentent une forme similaire à celles des courbes 
expérimentales, ce qui permet d'étudier la cinétique du mécanisme de stockage des charges. En 
utilisant l'approche de B. Dunn, les contributions des processus de surface et de volume à la charge 
totale dans l'électrode de MXene ont été obtenues en déterminant les constantes k1 (processus de 
surface) et k2 (processus de volume). Comme prévu, les processus de surface rapides et non limités 
par la diffusion dominent à une vitesse de balayage élevée, tandis que les processus de volume 
limités par la diffusion prennent le relais à faible vitesse de balayage. Dans les électrolytes acides et 
alcalins, une tendance similaire a été observée, alors que le processus de surface domine toute la 
gamme de vitesse de balayage dans l'électrolyte neutre. Il apparaît que la nature de l'électrolyte 




affecte la capacité, la cinétique électrochimique ainsi que le mécanisme de stockage de la charge. 
 
Chapter IV 
Le Ti3C2Tx (Tx= -F, -O, -OH) s'est avéré être un matériau approprié pour l'intercalation de 
cations entre les feuillets de MXene dans les électrolytes aqueux, où une capacité volumétrique 
élevée peut être obtenue.15-16 En particulier, les films d'hydrogel Ti3C2Tx dans l'électrolyte H2SO4 
ont atteint une capacité volumétrique record de 1,500 F cm-3 (à 2 mV s-1), délivrant toujours 800 F 
cm-3 à une vitesse de balayage de 1 V s-1.12 Suite à ces performances impressionnantes, de nombreux 
travaux ont été consacrés à la compréhension des mécanismes de stockage de charge des MXenes 
dans divers électrolytes aqueux, y compris les électrolytes acides où la capacité la plus élevée a été 
obtenue, mais l’étude reste incomplette.15, 17-20 Les mesures de spectroscopie d'absorption des rayons 
X (XAS) in situ ont montré un changement de l'état d'oxydation du Ti pendant l'électrochimie dans 
l'électrolyte H2SO4, mettant en évidence un mécanisme de stockage de charge pseudo-capacitif basé 
sur le changement de l'état redox du Ti suite à l'intercalation de protons.5 En outre, une protonation 
des groupes fonctionnels oxygène a été suggérée par la spectroscopie Raman in situ18 via des 
réactions de liaison/déconnexion réversibles entre les ions hydronium et les groupes fonctionnels 
oxygène pendant le processus de réduction/oxydation. Il a également été suggéré qu'un plus grand 
nombre de molécules d'H2O intercalées entre les feuillets intermédiaires de Ti3C2Tx permet à un plus 
grand nombre d'ions hydrogène d'avoir accès à des sites actifs, entraînant une capacité plus élevée.21 
La réactivité à l'interface Ti3C2O2/eau (en supposant que les groupes de terminaison Tx sont des -O) 
a été étudiée en utilisant des simulations de la dynamique moléculaire des premiers principes. Les 
résultats de la simulation ont suggéré une oxydoréduction rapide en surface impliquant 
l'intercalation de protons et un processus de transfert rapide de protons via l'eau confinée entre les 
feuillets de MXene, contribuant aux hautes performances des MXenes dans les électrolytes acides 
Dans le chapitre IV, nous avons combiné des analyses expérimentales et des simulations de 
dynamique moléculaire (MD) pour étudier plus en détail le mécanisme de stockage de charge de 
pseudo-capacité d'une électrode MXene Ti3C2Tx immergée dans un électrolyte de H2SO4. Trois 
types d'électrodes à base de MXene ont été testés dans ce chapitre, à savoir le Ti3C2Tx MXene non 
modifié (noté P-MXene), le MXene recuit à 500 oC (noté 500-MXene) et 600 oC (noté 600-MXene), 
pour étudier l'influence de la nature des groupements de surface. Nos résultats confirment la nature 
redox du mécanisme de stockage de la charge, impliquant un changement de valence du Ti pendant 




le processus de charge/décharge, alors que le courant capacitif de la double couche ne peut être 
négligé. Les résultats suggèrent également un transfert rapide de protons à travers les molécules 
d'eau confinées entre les couches de MXene. Le rôle de la présence de terminaisons -OH dans le 
processus pseudo-capacitif redox a été étudié par des simulations de MD; les résultats ont confirmé 
les résultats expérimentaux en montrant que le réseau d'eau lié à l'hydrogène entre les feuillets de 
MXene joue un rôle clé dans la réaction redox du Ti3C2Tx dans l'électrolyte H2SO4. 
Résultats 
Nous avons utilisé diverses techniques de caractérisation, notamment la DRX, la TPD-MS, le 
MEB et le Raman, pour montrer que la nature 2D des MXenes et la composition du carbure de titane 
n'étaient pas affectées par le traitement de recuit jusqu'à 600 °C en atmosphère inerte, ce qui était en 
accord avec les études  précédentes.22 Au lieu de cela, la teneur en groupes H2O et -OH pré-intercalés 
peut être modifiée, ce qui fait des Ti3C2Tx MXenes traités thermiquement d'excellents candidats pour 
étudier le rôle des groupes et terminaisons H2O et -OH sur les mécanismes de stockage de charge 
dans un électrolyte acide. Nous avons donc choisi trois échantillons, à savoir P-MXene, 500-MXene 
et 600-MXene, pour étudier les mécanismes de stockage de charge pseudo-capacitifs du Ti3C2Tx 
MXene dans les électrolytes acides. Les résultats ont montré que le P-MXene a des couches d'eau 
pré-intercalées entre les feuillets de MXene et les terminaisons ne sont pas modifiées par rapport 
aux MXenes traités thermiquement. Par contre, il n'y a pas de couche d'eau entre les feuillets de 500-
MXene et de 600-MXene. De plus, l'échantillon de 500-MXene contient encore moins de 
groupements -OH (environ ~5% de la teneur totale en -OH, calculée à partir de l'intégration du taux 
de désorption des -OH en fonction de la température), alors que les terminaisons-OH ont été 
complètement éliminées dans le 600-MXene. 





Figure 3. (a) Profils CV de trois films MXene à une vitesse de balayage de 50 mV s-1. (b) Capacités 
spécifiques gravimétriques et charges en fonction de la vitesse de balayage. (c) Profils XRD ex situ de trois 
films de MXene avant (lignes noires) et après (lignes rouges) le cycle électrochimique. Tous les essais 
électrochimiques ont été enregistrés en 3M H2SO4. 
 
Les caractérisations électrochimiques des trois types d'échantillons, P-MXene, 500-MXene et 
600-MXene, ont été réalisées dans un électrolyte de 3M H2SO4 à l'aide d'une cellule Swagelok à 
trois électrodes. Les profils de voltampérométrie cyclique (CV) sont présentés Figure 3a à une 
vitesse de balayage de 50 mV s-1 après précyclage. Un ensemble de pics d'oxydoréduction est visible 
à environ -0.75 V (par rapport à la référence de Hg/Hg2SO4) pour le P-MXene et le 500-MXene, 
comme attendu dans ce type d'électrolyte,12 tandis que ces pics d'oxydoréduction ont disparu pour 
le 600-MXene. La capacité spécifique gravimétrique calculée à partir des profils CV sont de 325 F 
g-1, 343 F g-1 et 127 F g-1 pour le P-MXene, 500-MXene et 600-MXene, respectivement. Alors que 
le P-MXene et le 500-MXene présentent tous deux la signature électrochimique attendue dans 
l'électrolyte de H2SO4, les performances de l'échantillon de 600-MXene ont été fortement affectées, 
suite à la disparition des pics d'oxydoréduction autour de -0.75 V (vs  Hg/Hg2SO4). Une autre 




observation intrigante est l'amélioration des performances électrochimiques à fortes vitesses de 
décharge de l'échantillon de 500-MXene. L'électrode P-MXene peut délivrer 190 F g-1 et 52.8 mAh 
g-1 à une vitesse de balayage de 1000 mV.s-1, tandis que l'électrode 500-MXene délivre 255 F g-1 et 
70.8 mAh g-1 dans les mêmes conditions, soit environ 35% de plus.  
Deux préoccupations ont été soulevées sur la base de la caractérisation électrochimique: (1) le 
P-MXene et le 500-MXene présentent une signature électrochimique similaire et une capacité 
spécifique beaucoup plus élevée par rapport au 600-MXene à faible vitesse de balayage, (2) le 500-
MXene présente des performances à fortes  vitesses de balayage nettement améliorées par rapport 
au P-MXene dans les mêmes conditions d'essai. 
Pour expliquer la différence de comportement électrochimique, les paramètres de maille c ont 
été calculés à partir de modèles XRD ex situ des électrodes de MXene avant et après les tests 
électrochimiques (Figure 3c). Après le cycle électrochimique en H2SO4, les paramètres de maille c 
des films de MXene augmentent à une valeur similaire de ~27.5 Å pour les échantillons de P-MXene 
et de 500-MXene, alors que cette dernière reste presque inchangée pour le 600-MXene. On peut 
supposer que l'augmentation de la valeur de paramètre de maille c dans le 500-MXene résulte de 
l'intercalation des molécules de H2O (et/ou de H3O
+) au cours du processus électrochimique. Cela 
confirme la présence de H2O confiné entre les feuillets de MXene, qui est corrélée à l'activation du 
mécanisme de stockage de charge du Ti3C2Tx MXene dans les électrolytes acides, comme le suggère 
des simulations précédentes. La principale différence entre les échantillons de 500-MXene et de 
600-MXene étant la teneur en groupements-OH, l'absence de molécules de H2O confinées dans 
l'échantillon de 600-MXene, associée à la disparition des pics d'oxydoréduction dans les profils CV, 
peut être due à l'élimination des groupements -OH. 
Les Figures 4a et d montrent les 50 premiers cycles de P-MXene et 500-MXene dans 
l'électrolyte H2SO4 à une vitesse de balayage de 50 mV s
-1. La réponse en courant du 500-MXene 
(Figure 4d) au cours du premier cycle est relativement faible par rapport au P-MXene (Figure 4a) ; 
cependant, la capacité électrochimique a été progressivement augmentée et stabilisée après 10 cycles 
pour atteindre des valeurs similaires à celles du P-MXene, alors qu'aucune augmentation 
significative de la capacité n'a été observée dans le P-MXene. Avec les résultats de la Figure 3b, 
l'augmentation de la capacité du 500-MXene pendant le cyclage pourrait être attribuée à l'expansion 
du paramètre de maille c suite à l'intercalation de molécules de H2O : en effet, les groupements -OH 
présents dans l'échantillon de 500-MXene rendent possibles l'intercalation de l'eau, expliquant ainsi 
l'augmentation constante de la capacité observée pendant les premiers cycles.  
















Figure 4. 50 cycles CV initiaux de P-MXene (a) et 500-MXene (c) à une vitesse de balayage de 50 mV s-1. 
Diagramme de Nyquist du P-MXene (b) et du 500-MXene (d) à l'OCP avant (noir) et après (rouge) le cycle 
électrochimique. La partie réelle de la capacité du P-MXene (c) et du 500-MXene (f) est calculée à partir des 
données de l'EIS. 
 
Des expériences de spectroscopie d'impédance électrochimique (EIS) ont été réalisées pour 
comparer le comportement électrochimique avant et après cyclage. Les Figures 4b et e montrent les 
diagrammes de Nyquist enregistrés à un potentiel de circuit ouvert (OCP, -0.2 V vs Hg/Hg2SO4). 
Les parties réelles et imaginaires de l'impédance pour l'échantillon de 500-MXene diminuent après 
cyclage, ce qui est attribué à l'intercalation de molécules de H2O (amélioration de la conductivité et 
de la capacité ioniques) qui améliore l'accessibilité des protons à la surface du MXene. La diminution 
de la partie linéaire de l'impédance dans la gamme des fréquences moyennes (comportement de 
Warburg) pour l'échantillon de 500-MXene témoigne de l'amélioration de l'accessibilité de 
l'électrolyte dans l’espacement entre les feuillets de MXene. Pour sa part, la partie réelle de 
l'impédance de l'échantillon de P-MXene est légèrement réduite, et la partie imaginaire reste 
inchangée dans la gamme des basses fréquences. La capacité des deux échantillons a été calculée à 
partir des données de l'EIS selon une étude précédente23 et présentée sur les Figures 4c et f. Pour le 




P-MXene, presque aucun changement n'a été observé après le cyclage électrochimique du P-MXene 
(Figure 4c), ce qui était attendu du fait de la présence d'eau entre les couches de MXene avant et 
après cyclage. En revanche, pour le 500-MXene, la partie réelle de la capacité augmente 
considérablement après cyclage (Figure 4f), ce qui indique clairement que l'amélioration des 
performances électrochimiques est due à l'intercalation de H2O dans les feuillets de MXene. Ce 
résultat démontre en outre le rôle clé de de smolécules d’H2O entre les feuillets de MXene pour le 
stockage électrochimique du MXene dans les systèmes acides.  
Afin d'élucider davantage le comportement pseudo-capacitif du Ti3C2Tx MXene dans un 
électrolyte acide, une expérience de spectroscopie de structure près du front d'absorption des rayons 
X in situ (XANES) et une étude de microbalance électrochimique des cristaux de quartz (EQCM) 






Figure 5. (a) Analyse XANES in situ de l'électrode P-MXene dans un électrolyte H2SO4 concentré à 1 M. 
L'électrode de référence utilisée dans la configuration est Ag/AgCl. Mesures EQCM : (b) profil CV et réponse 
en fréquence EQCM et (c) changement de masse de l'électrode en fonction de la charge pendant la polarisation 
du P-MXene sur un substrat d'or en 3M H2SO4 enregistrés à 10 mV s-1, avec une électrode de référence de 
Hg/Hg2SO4. 
 
Comme le montre la Figure 5a, le seuil K du Ti se déplace vers une énergie plus faible en cas 
de polarisation négative (de -0.1 à -0.7 V par rapport à Ag/AgCl, environ -0.53 à -1.13 V par rapport 
à Hg/Hg2SO4), ce qui indique une diminution de l'état d'oxydation du Ti. Le déplacement d'énergie 
maximal est de 0.58 eV. Sur la base de la dépendance linéaire entre l'état d'oxydation moyen du Ti 
et la position de l'énergie de bord, nous estimons un changement d'état d'oxydation de 0.134 par 
atome de Ti, correspondant à une valeur de capacité spécifique de 213 F g-1. Étant donné que la 
capacité spécifique du P-MXene mesurée dans la cellule Swagelok est de 325 F g-1, la charge stockée 
impliquant une contribution redox du Ti représente 65% de la charge totale. D'autre part, pendant la 
polarisation négative de 0.2 à -0.1 V (par rapport à Ag/AgCl), l'état d'oxydation du Ti reste presque 




constant, ce qui suggère qu'une partie de la charge stockée dans le P-MXene en milieu H2SO4 est 
obtenue par un mécanisme de type double couche électrochimique.  
Pendant la polarisation négative, les mécanismes de charge possibles au-delà de la réaction 
d'oxydoréduction du Ti pourraient être l'intercalation de cations (H+ et/ou H3O
+) ou la 
désintercalation d'anions (SO4
2-), ou encore l'échange d'ions. Pour obtenir un meilleur aperçu des 
ions responsables du mécanisme de stockage de la charge, une étude EQCM a été réalisée sur un 
cristal de quartz doré revêtu de Ti3C2Tx MXene dans un électrolyte de 3M H2SO4. L'EQCM permet 
de suivre les changements gravimétriques d'une électrode de travail, ce qui peut fournir des 
informations sur les flux d'ions pendant la polarisation électrochimique d'une électrode.24-25 La 
Figure 5b montre le profil CV et la réponse en fréquence de l'échantillon de P-MXene à 10 mV s-1, 
où les flèches rouges indiquent la direction du balayage. Une précédente étude par EIS a démontré 
que le potentiel de charge zéro (pzc) du Ti3C2Tx MXene similaire dans l'électrolyte H2SO4 est proche 
de -0.2 V par rapport à l'électrode de référence de Hg/Hg2SO4.
26 L'équation de Sauerbrey a été 
utilisée pour tracer le changement de masse de l'électrode pendant la polarisation (Figure 5c) - le 
balayage négatif a été choisi parce qu'il était moins sujet à l'oscillation en raison de l'évolution de 
l'hydrogène.27 Une augmentation presque linéaire de la masse en fonction de la charge accumulée 
est observée dans la plage de potentiel de -0.35 à -0.55 V (vs Hg/Hg2SO4), comme le montre la zone 
orange de la Figure 5c. Selon la loi de Faraday, le poids moléculaire moyen par charge de la zone 
orange est calculé à 14 g mol-1, très proche du poids moléculaire de l'hydronium H3O
+ (19 g mol-1). 
Par conséquent, ces résultats suggèrent que l'intercalation de l'ion H3O
+ se produit pendant la 
polarisation négative, en accord avec la forte concentration de protons, comme proposé dans un 
précédent article utilisant une technique de Raman in situ.18 En outre, le proton de l'H3O
+ intercalé 
contribue aux réactions d'oxydoréduction, étant transporté à travers la couche d'H2O confinée, ce 























Figure 6. Vue latérale (a) des feuillets de P-MXene et (b) de 500-MXene avec les électrolytes environnants. 
Vue de dessus des molécules d'eau entre les feuillets (c) de P-MXene et (d) de 500-MXene, les atomes de 
MXene ne sont pas représentés ici. (e) et (g) Vue de dessus en gros plan et vue latérale de la distribution des 
molécules d'eau entre les feuillets de P-MXene et de 500-MXene. (f) Comparaison des profils de probabilité 
de l'orientation des dipôles des molécules d'eau dans les feuillets de P-MXene et de 500-MXene, θ donne 
l'angle entre le moment dipolaire des molécules d'eau et la normale à la surface de l'électrode. 
 
Des simulations de MD ont été réalisées pour mieux comprendre le mécanisme de stockage des 
charges dans les échantillons de P-MXene et de 500-MXene. Les matériaux Ti3C2O0.9F0.8(OH)0.3 et 
Ti3C2O1.185F0.8(OH)0.015 ont été utilisés pour les échantillons de P-MXene et de 500-MXene, 
respectivement. Les Figures 6a et b montrent la vue latérale des deux feuillets de MXene pour les 
échantillons de P-MXene et de 500-MXene, respectivement. La valeur du paramètre de maille cs'est 
élargie à 26.7 Å pour le P-MXene et 26.0 Å pour le 500-MXene, ce qui est proche des valeurs 
obtenues par XRD. 
La vue de dessus et la vue de côté de la disposition structurelle des molécules et des ions entre 
les feuillets sont présentées respectivement sur les Figures 6c et e pour le P-MXene et sur les Figures 
6d et g pour le 500-MXene. Dans le cas du 500-MXene, les molécules d'eau et les ions d'hydronium 




forment une couche compacte et bien organisée (Figures 6d et g), fournissant un réseau d'eau lié à 
l'hydrogène pour un transfert rapide de protons pendant le processus électrochimique. Ce transfert 
rapide de protons peut s'expliquer par un mécanisme de Grotthuss, comme le suggèrent des 
simulations récentes.28-29 Pour le P-MXene, la teneur plus élevée en -OH existant à la surface la plus 
externe perturbe considérablement le réseau de liaison hydrogène des molécules de la couche 
intermédiaire, ralentissant la cinétique de transfert des protons. Les profils de probabilité P(θ) de 
l'orientation dipolaire des molécules d'eau de la couche intermédiaire pour les échantillons de P-
MXene et de 500-MXene sont présentés à la Figure 6f. Elle montre clairement que l'orientation 
dipolaire est plus concentrée autour de 90° pour le cas du 500-MXene, suggérant une orientation 
plate (presque parallèle aux couches de MXene), en faveur du transport de protons le long de la 
surface du MXene. A l’inverse, une distribution plus désordonnée de H2O a été mise en évidence 
pour le P-MXene. Ces résultats suggèrent que la formation d'un réseau de liaisons hydrogène 
contenant des couches d'H2O bien organisées entre les feuillets de MXene favorise un transport 
rapide des protons, ce qui donne une preuve supplémentaire du rôle clé des molécules d'eau 
intercalées dans les performances à fortes vitesses de décharge enregistrées pour le 500-MXene. 
Conclusion 
En conclusion, une étude combinant des travaux expérimentaux (mesures électrochimiques, 
techniques ex situ et in situ) et des simulations de dynamique moléculaire a été menée pour 
comprendre le comportement pseudo-capacitif du Ti3C2Tx MXene dans l'électrolyte H2SO4. Les 
molécules d'H2O confinées entre les feuillets de MXene se sont avérées jouer un rôle clé dans le 
processus de stockage de la charge du Ti3C2Tx MXene, déclenchant l'activité redox du Ti et 
permettant la compensation rapide de la charge par une vitesse de diffusion élevé du proton - 
probablement par un mécanisme de Grotthus. L'influence de la teneur en terminaisons -OH a 
également été discutée. Alors que la présence de -OH est nécessaire pour favoriser l'intercalation 
des molécules d'H2O entre les feuillets de MXene, on suppose qu'une grande quantité de -OH brise 
l'organisation des molécules d'H2O, ce qui entraîne une limitation du transport de protons et donc 
une puissance limitée pour l'électrode Ti3C2Tx. Bien que ces travaux se concentrent sur le Ti3C2Tx 
MXene dans l'électrolyte H2SO4, ils devraient s'appliquer à d'autres types de MXenes, tels que 
Ti2CTx, Nb2C3Tx, V2C2Tx, etc. Le présent document offre la possibilité de pousser plus loin les 
performances à forte vitesses de décharge des électrodes de MXenes dans les électrolytes aqueux en 
optimisant les groupements de surface. 
 





Suite aux premières études sur la synthèse du Ti3C2 MXene en 2011, les matériaux MXene sont 
principalement préparés par gravure sélective de la couche A des précurseurs en phases MAX par 
des solutions aqueuses contenant des ions fluorure telles que l'acide fluorhydrique (HF) aqueux,30 le 
mélange de fluorure de lithium et d'acide chlorhydrique (LiF+HCl)31 ou le bifluorure d'ammonium 
((NH4)HF2).
32 À ce jour, la forte réactivité de l'Al avec les solutions aqueuses à base de fluorure a 
limité les MXenes synthétisés aux précurseurs de la phase MAX contenant de préférence de l'Al. 
Bien qu'Alhabeb et al. aient rapportés la synthèse de Ti3C2 MXene par gravure assistée par oxydation 
de Si à partir de la phase Ti3SiC2 MAX,
32 le mécanisme de gravure était toujours basé sur l’utilisation 
d’une solution dangereuse de HF. Ainsi, la synthèse du MXene est actuellement confrontée aux défis 
suivants: 1) trouver des voies de synthèse non dangereuses pour la préparation du MXene et 2) ouvrir 
la voie de synthèse à une gamme plus large de précurseurs en phase MAX. En outre, les conditions 
de synthèse peuvent également déterminer le type et la quantité des groupements de surfaces, qui 
ont un impact substantiel sur leurs propriétés électrochimiques, comme nous l'avons montré dans le 
chapitre IV. Il est souhaitable d'étudier les performances électrochimiques des MXenes en 
controllant la chimie de surface avec une autre voie de gravure.  
Récemment, Li et al. ont rapporté la synthèse de la phase MAX de Ti3ZnC2 par réaction de 
Ti3AlC2 dans un sel fondu acide de Lewis ZnCl2 à 550°C, par un mécanisme de réaction de 
remplacement.33 Le Ti3ZnC2 a pu être transformé davantage en Ti3C2Cl2 MXene en augmentant le 
rapport MAX:ZnCl2. Cependant, le mécanisme de formation du Ti3C2Cl2 MXene n'a pas été 
entièrement compris du point de vue chimique ; puisque le sel fondu et la phase MAX partageaient 
le même élément (Zn), un mécanisme de réaction supposant l'existence d'un cation Zn2
2+ de faible 
valence a été proposé.  
Dans ce chapitre, en collaboration avec une équipe dirigée par le professeur Q. Huang de 
l'Institut de technologie et d'ingénierie des matériaux de Ningbo, de l'Académie Chinoise des 
Sciences, nous généralisons cette voie de synthèse à une large gamme d'éléments du site A 
comprenant, outre le Zn, également l'Al, le Si, le Ga de divers précurseurs de la phase MAX, en 
ajustant la chimie du précurseur MAX et la composition de l'acide de Lewis fondu. Nous proposons 
une méthode générique pour graver les phases MAX par couplage redox direct entre l'élément A et 
le cation du sel fondu de l'acide de Lewis, ce qui permet de prédire la réactivité du MAX dans le sel 
fondu et élargit considérablement le nombre de MXene pouvant être préparé par cette méthode. 




Avec un tel traitement, nous montrons également que, par exemple, le MXene pourrait être obtenu 
à partir de phases MAX avec A = Ga. Le MXene obtenu présente différents groupements de surface 
par rapport à la voie de gravure HF classique, ce qui conduit à une performance électrochimique 
améliorée avec une capacité de stockage élevée de Li+ combinée à une performance à fortes vitesses 
de décharge dans un électrolyte non aqueux, ce qui rend ces matériaux prometteurs pour les 
matériaux d'électrode destinés aux batteries à fortes vitesses de décharge et aux dispositifs hybrides 
tels que les applications de condensateurs Li-ion.34-35 Cette méthode permet de produire de nouveaux 
matériaux 2D qui sont difficiles, voire impossibles à préparer en utilisant les méthodes de synthèse 
précédemment rapportées comme la gravure HF.. Elle élargit donc la gamme des précurseurs de 
phase MAX qui peuvent être utilisés et offre d'importantes possibilités pour régler la chimie de 
surface et les propriétés des MXenes. 
Résultats 
La Figure 7 montre un schéma de la synthèse du Ti3C2 MXene à partir de la réaction entre 
Ti3SiC2 et CuCl2 à 750°C ; les réactions sont énumérées ci-dessous:  
Ti3SiC2 + 2CuCl2 → Ti3C2 + SiCl4(g)+ 2Cu   (5) 
Ti3C2 + CuCl2 → Ti3C2Cl2 + Cu    (6) 
Le précurseur Ti3SiC2 MAX est immergé à 750°C dans du CuCl2 fondu (Tfusion=498
oC). Les 
atomes de Si exposés, faiblement liés au Ti dans les sous-couches de Ti3C2, sont oxydés en cation 
Si4+ par l'acide de Lewis Cu2+, ce qui entraîne la formation de la phase volatile SiCl4 
(Tfusion=57.6°C) et la réduction concomitante de Cu2+ en Cu métallique (équation 5). Comme cela 
a été récemment rapporté,33 le Cu2+ supplémentaire réagit partiellement avec les atomes de Ti 
exposés du Ti3C2 pour former du cuivre métallique, tandis que la compensation de charge est assurée 
par les anions Cl- pour former Ti3C2Cl2 (équation 6). Le mécanisme de formation de Ti3C2Cl2 à 
partir de Ti3SiC2 est analogue à celui de la gravure chimique de Ti3AlC2 en solution HF:
30 Cu2+ et 
Cl- agissent respectivement comme H+ et F-. La poudre de Ti3C2Cl2 et de Cu métallique ainsi 
préparée a ensuite été immergée dans une solution de persulfate d'ammonium (APS) pour éliminer 
les particules de Cu de la surface du Ti3C2Cl2 MXene, ce qui entraîne également l'ajout de 
groupements de surface à base d'O. Ce matériau final préparé à partir de cette voie de sel fondu sera 
noté comme MS-Ti3C2Tx MXene, où Tx représente les groupements de surface O et Cl. 





Figure 7. Schéma de la préparation du Ti3C2Tx MXene. (a) La phase Ti3SiC2 MAX est immergée dans du sel 
fondu CuCl2 Lewis à 750°C. (b et c) La réaction entre Ti3SiC2 et CuCl2 entraîne la formation de Ti3C2 MXene. 
(d) Le MS-Ti3C2Tx MXene est obtenu après un lavage supplémentaire dans une solution de persulfate 
d'ammonium (APS). 
 
La Figure 8a montre les diffractogrammes du Ti3SiC2 avant (en noir), et après réaction avec le 
CuCl2 à 750°C pendant 24 h (noté Ti3SiC2-CuCl2, en rouge) et le produit final après lavage APS 
(MS-Ti3C2Tx, en violet). Par rapport au Ti3SiC2 non-modifié, la plupart des pics de diffraction 
disparaissent dans le produit final, laissant des pics (00l) ainsi que plusieurs pics larges et de faible 
intensité dans la 2 théta de 5° à 75° ; ces caractéristiques indiquent la réduction réussie du Ti3SiC2 
en feuillets de Ti3C2 (MXene).
36 En outre, le déplacement des pics de diffraction du Ti3C2 (00l) de 
2θ = 10.13° à 8.07° (±0.02°) indiquent une expansion de la distance inter-feuillets de 8,8 Å à 10.98 
Å (±0.03 Å). Les pics nets et intenses situés à 2≈ 43.29°, 50.43° et 74.13° peuvent être indexés 
comme du Cu métallique (Figure 8a, tracé rouge), ce qui confirme le mécanisme de gravure proposé 
dans la fonte acide de Lewis (équation 5). Le diffractogramme du produit final (Figure 8a, tracé en 
violet) ne présente que les pics de MXene (00l), ce qui confirme l'élimination du Cu. L'image MEB 
de l'échantillon final MS-Ti3C2Tx est présentée à la Figure 8b, similaire à celle précédemment 




















Figure 8. Caractérisations morphologiques et structurelles du MS- Ti3C2Tx MXene. (a) Diffractogrammes de 
Ti3SiC2 vierge avant (ligne noire) et après (ligne rouge) réaction avec CuCl2, et MS-Ti3C2Tx MXene final 
obtenu après lavage dans une solution 1 M (NH4)2S2O8 (ligne violette). (b) images SEM et (c) images STEM 
en coupe transversale montrant la nature nanolaminée du matériau (la barre d'échelle dans l'image à résolution 
atomique insérée en (c) est de 1 nm), et (d) spectres XPS du niveau d'énergie Ti 2p de l'échantillon MS- 
Ti3C2Tx MXene. 
 
La microstructure lamellaire du MS-Ti3C2Tx MXene est clairement visible sur les images 
STEM, comme le montre la Figure 8c. La surface de l'échantillon de MS-Ti3C2Tx MXene a été 
caractérisée plus spécifiquement par une analyse XPS. La déconvolution des spectres Ti 2p (Figure 
8d) dans la gamme d'énergie comprise entre 454 et 460 eV a été réalisée suite à des travaux 
antérieurs.33, 37 Les spectres Ti 2p montrent l'existence de liaisons chimiques Ti-O et Ti-Cl, très 




probablement à partir de groupements de surface O et Cl associés à une oxydation partielle de la 
surface. Les liaisons Ti-C observées proviennent des blocs de construction octaédriques du noyau 
[TiC6] du Ti3C2 MXene. Diverses techniques d'analyse élémentaire ont révélé une teneur en 
terminaisons O d'environ 12 % et une teneur en terminaisons Cl d'environ 14 % dans le MS-Ti3C2Tx 
MXene, ce qui donne la composition suivante de Ti3C1.94Cl0.77O1.71 pour le MS-Ti3C2Tx MXene, 
sans aucun groupements -F et -OH. 
La capacité de l'acide de Lewis à extraire des électrons d'un élément A dans la phase MAX peut 
être bien reflétée par leur potentiel redox électrochimique respectif dans les halogénures fondus. Par 
exemple, le couple Si4+/Si a un potentiel redox aussi faible que -1.38 V par rapport à Cl2/Cl
- à 750°C. 
Par conséquent, le sel fondu de CuCl2 (potentiel redox de -0.43 V par rapport à Cl2/Cl
-) peut 
facilement oxyder le Si en Si4+ (gravure/exfoliation de la phase MAX en MXene). Le processus 
actuel de gravure par acide de Lewis peut alors être généralisé pour préparer une large famille de 
matériaux MXene. La Figure 9 montre une cartographie de l'énergie libre de Gibbs préparée à partir 
de données thermodynamiques (voir l'équation 7) pour guider la sélection des acides de Lewis 
efficaces pour les phases MAX ayant différents éléments A. Dans ces calculs, la gravure est 
indépendante de la composition de la couche de MX et de la valeur n de Mn+1AXn. La couleur de 
chaque point ou étoile indique la valeur de l'énergie libre de Gibbs de la réaction entre l'élément A 
sélectionné dans la phase MAX et le chlorure d'acide de Lewis fondu à 700°C. 
A + y/x BClx = ACly + y/x B    (7) 
À partir de ces calculs thermodynamiques, la gravure de l'élément A de MAX peut être réalisée 
en utilisant un acide de Lewis ayant un potentiel redox plus élevé. Sur la base de cette cartographie, 
une série de phases MAX - en particulier Ti2AlC, Ti3AlC2, Ti3AlCN, Nb2AlC, Ta2AlC, Ti2ZnC, et 
Ti3ZnC2 - a été exfoliée avec succès en MXenes correspondants (Ti3C2Tx, Ti3CNTx, Nb2CTx, Ta2CTx, 
Ti2CTx, Ti3C2Tx) en utilisant divers sels fondus de chlorures (CdCl2, FeCl2, CoCl2, CuCl2, AgCl, 
NiCl2), comme indiqué en forme d'étoile (Figure 9). 





Figure 9. Cartographie de l'énergie libre de Gibbs (700°C) guidant la sélection des sels de chlorure d'acide 
de Lewis en fonction des potentiels redox électrochimiques des éléments du site A dans les phases MAX (axe 
X) et des cations de sel fondu (axe Y) dans les chlorures fondus. Les étoiles marquent les MXenes 
correspondants qui sont démontrés dans l'étude actuelle. 
 
La Figure 10a montre les profils de CV de l'électrode MS- Ti3C2Tx MXene enregistrés à 0.5 
mV s-1 avec différentes limites de potentiels négatifs. La signature électrochimique est remarquable 
car elle diffère de ce qui est aujourd'hui connu pour le MXene conventionnel préparé à partir d'une 
attaque dans un électrolyte contenant du HF ou du F (appelé HF-MXene) dans des électrolytes non 
aqueux.38-40 Comme le montre la Figure 10b, la réaction d'intercalation/désintercalation du Li+ dans 
le HF- MXene41-45 se produit dans une large fenêtre de potentiel (généralement de 0.05 V jusqu'à 3 
V par rapport au Li+/Li). Une fenêtre de potentiel de fonctionnement aussi large, qui se traduit par 
un potentiel de fonctionnement moyen élevé pour une électrode négative, limite considérablement 
l'intérêt des matériaux à base de MXene pour les applications de batteries (Li-ion). De plus, la 
réaction d'intercalation/désintercalation des ions Li-ion dans le HF-Ti3C2Tx MXene est réalisée de 
manière séquentielle, ce qui entraîne la présence d'ensembles de pics redox associés à l'intercalation 
du Li+ dans les espaces interfeuillets.42 Au lieu de cela, le mécanisme de stockage de charge dans le 




MS-Ti3C2Tx MXene se traduit par un courant constant en fonction du potentiel appliqué, de manière 
similaire à ce qui est observé dans un matériau pseudo-capacitif, avec un courant presque constant 
pendant le processus de réduction et d'oxydation dans une plage de potentiel comprise entre 2.2 V 
vs Li+/Li et 0.2 V vs Li+/Li. Cette signature CV indique que l'électrode MS-Ti3C2Tx MXene présente 
un comportement de type pseudo-capacitif, ce qui serait bénéfique pour ses performances en matière 
de puissance. 
Afin d'évaluer la performance de puissance de l'électrode MS-Ti3C2Tx MXene, des tests CV 
ont été effectués à différentes vitesses de balayage de potentiel dans la gamme complète de 0.2-3 V 
vs Li+/Li. La Figure 10c donne les profils CV d'une électrode MS-Ti3C2Tx avec une teneur en masse 
de d'environ 1.4 mg cm-2. La charge de l'électrode MXene à une vitesse de balayage de 0.5 mV s-1 
est de 205 mAh g-1 (264 F g-1) avec une fenêtre de potentiel de 2.8 V. Cette valeur correspond à un 
minimum de 1.22 F échangé par mole de Ti3C2, représentant environ 0.4 électron transféré par atome 
de Ti, ce qui est beaucoup plus élevé que les valeurs précédemment rapportées.38, 46 Comme 
mentionné ci-dessus, seules les terminaisons -O et -Cl sont détectées dans le MXene MS-Ti3C2Tx à 
partir des tests TPD-MS. Contrairement à la surface des MXenes à terminaison -OH, Xie et al. ont 
rapporté, à partir des calculs de la DFT, une énergie d'adsorption plus faible du Li sur les MXenes à 
terminaison -O, ce qui se traduit par une interaction plus forte entre O et Li et une amélioration de 
la capacité du Li.43 En conséquence, l'absence de groupes de surface -OH et la forte teneur en 
oxygène du MS-Ti3C2Tx MXene par rapport à la voie de synthèse spécifique dans le sel fondu sont 
supposées expliquer l'amélioration de la capacité. Une électrode Ti3C2Tx délivre toujours 142 mAh 
g-1 pendant un temps de décharge de 280 s (taux de 13 C), et 75 mAh g-1 lorsque la vitesse de 
balayage augmente pour un temps de décharge de 28 s (taux de balayage de 100 mV s-1), ce qui 
correspond à une rétention de capacité de 37% par rapport à la valeur de 0.5 mV s-1. Ceci met en 

























Figure 10. Profils CV de (a) l'électrode MS-Ti3C2Tx à une vitesse de balayage de 0.5 mV s-1 avec différentes 
limites de potentiels négatifs, et (b) l'électrode HF-Ti3C2Tx à une vitesse de balayage de 0.1 mV s-1 dans 
l'électrolyte LP30. (b) est adapté de la réf. 42. (c) Modification de la capacité de l'électrode MXene en fonction 
du temps de décharge obtenu dans l'électrolyte LP30 à partir de l'essai CV. (d) Comparaison des tracés CV 
de l'électrode MS- Ti3C2Tx (ligne rouge) et de l'électrode HF-Ti3C2Tx (ligne noire) à une vitesse de balayage 
de 20 mV s-1 dans un électrolyte de 3M H2SO4. 
 
L'électrode MS-Ti3C2Tx a également été testée dans un électrolyte de 3M H2SO4. La Figure 
10d présente la comparaison du profil CV de l'électrode MS-Ti3C2Tx et de l'électrode HF-Ti3C2Tx à 
une vitesse de balayage de 20 mV s-1. Comme prévu, quelques pics d'oxydoréduction autour de -0.7 
V (vs Hg/Hg2SO4) ont disparu dans l'électrode MS-Ti3C2Tx. Une valeur de capacité de 60 F.g
-1 
(correspondant à 15 mAh g-1) a été calculée à partir du tracé CV, et s’avère bien plus faible que son 
homologue (HF-Ti3C2Tx). Apparemment, le comportement pseudo-capacitif de l'électrode HF- 
Ti3C2Tx n'est plus valable dans le cas de l'électrode MS- Ti3C2Tx, probablement en raison de 
l'absence de groupes de terminaison -OH dans les MS-Ti3C2Tx MXenes. Nous avons démontré au 




chapitre IV que la présence de molécules d'H2O entre les feuillets de MXene joue un rôle essentiel 
dans le comportement pseudo-capacitif, en fournissant une voie de transport des protons pour activer 
la réaction d'oxydoréduction des atomes de Ti. Plus important encore, selon nos résultats, la présence 
des molécules H2O confinées semble principalement contrôlée par les groupes de terminaison -OH. 
Le comportement électrochimique de l'électrode MS-Ti3C2Tx dans un électrolyte acide est 
probablement dû à l'absence de terminaison -OH dans les MS-Ti3C2Tx MXenes. Ceci démontre une 
fois de plus le rôle clé des groupements -OH dans le stockage de la charge pseudo-capacitive du 
Ti3C2Tx MXene dans les systèmes acides. 
Conclusion 
Dans ce chapitre, une méthode générale de gravure acide de Lewis a été proposée avec succès 
pour préparer des matériaux multicouches à base de MXene. Divers MXenes ont été préparées à 
partir de différentes phases MAX par l'élimination de l'élément A à l'aide de sels fondus d'acide de 
Lewis. Ceci a été rendu possible par la sélection de précurseurs de phase MAX/sels de Lewis 
appropriés en tenant compte de deux paramètres: 1) les potentiels redox électrochimiques du couple 
redox dans l'halogénure fondu diminuent l'énergie libre de Gibbs de la réaction d'attaque à certaines 
températures et 2) l'énergie libre de Gibbs de la réaction d'attaque à certaines températures. Le MS-
Ti3C2Tx MXene obtenu a été terminé par des groupes -O et -Cl, alors qu’il y a absence de groupes -
OH et -F qui existent normalement dans les solutions de gravure aqueuses contenant des ions 
fluorure. 
Les MS-Ti3C2Tx MXenes ont ensuite été caractérisés électrochimiquement dans un électrolyte 
non aqueux (LP30) et un électrolyte aqueux (H2SO4). La combinaison de la signature 
électrochimique symétrique dans un électrolyte non aqueux contenant des ions Li-ion, ainsi que la 
haute capacité à forte vitesse de déchargeet la faible plage de potentiel de fonctionnement (0.2-2.2 
V vs Li+/Li) font que ce Ti3C2 MXene préparé à partir de la voie de dérivation du sel fondu est 
pertinent comme électrode négative dans les dispositifs de stockage d'énergie électrochimique 
(batteries et condensateurs Li-ion). Dans un électrolyte acide, la réaction redox pseudocapacitive 
observée dans le HF-MXene a disparu dans le MS-Ti3C2Tx MXene en raison de l'absence de groupes 
de terminaison -OH, en bon accord avec les résultats du stockage de charge pseudocapacitive du 
Ti3C2Tx MXene dans les systèmes acides du chapitre IV. En conséquence, la méthode générale de 
gravure acide de Lewis proposée ici élargit la gamme des précurseurs de la phase MAX qui peuvent 
être utilisés pour préparer de nouveaux MXenes, et offre des possibilités sans précédent pour adapter 
la chimie de surface et par conséquent les propriétés des matériaux MXene. 





L'objectif principal de cette thèse était de synthétiser et de caractériser des matériaux Ti3C2Tx 
MXene 2D pour des applications de stockage d'énergie électrochimique. Deux types de méthodes 
de synthèse ont été utilisées pour préparer les MXenes, à savoir la voie de gravure contenant du HF 
(note: HF-Ti3C2Tx) et la voie de gravure acide de Lewis (note: MS-Ti3C2Tx). Les performances 
électrochimiques de ces MXenes ont été étudiées dans des systèmes aqueux et non aqueux, et les 
résultats ont montré que les MXenes préparés selon différentes méthodes se retrouvent avec 
différents groupements de surface qui affectent fortement leurs propriétés électrochimiques.  
Cette thèse a commencé par une étude cinétique des comportements pseudo-capacitifs des 
électrodes de MXene HF-Ti3C2Tx dans des électrolytes aqueux. Tout d'abord, une méthode de 
chronoampérométrie à potentiel multiple (MUSCA) a été proposée pour reconstituer les tracés CV 
en minimisant l'effet des chutes ohmiques provenant de courants élevés à fortes vitesses de balayage, 
permettant l'étude cinétique du mécanisme de stockage de charge. En utilisant l'approche de B. Dunn, 
les contributions des processus de surface et de volume à la charge totale dans l'électrode de MXene 
ont été obtenues en déterminant les constantes k1 (processus de surface) et k2 (processus de volume). 
Puis, dans le chapitre IV, nous nous sommes consacrés à la compréhension du comportement 
pseudo-capacitif du HF-Ti3C2Tx MXene dans l'électrolyte H2SO4. Des preuves expérimentales 
directes ont été fournies pour montrer que les molécules d'H2O intercalées non seulement 
contribuent mais sont essentielles pour activer la réaction redox du Ti et le mécanisme 
pseudocapacitif associé du MXene dans un électrolyte acide. L'influence de la teneur en 
terminaisons -OH a également été discutée. Les résultats de notre simulation ont suggéré que, bien 
que la présence de -OH soit nécessaire pour favoriser l'intercalation des molécules de H2O entre les 
couches de MXene, on suppose qu'une grande quantité de -OH brise l'organisation des molécules de 
H2O, ce qui entraîne une diminution du transport de protons et donc une puissance limitée pour 
l'électrode HF-Ti3C2Tx.  
À la différence des MXenes préparés à partir de la voie d'attaque contenant du HF, une méthode 
de sel fondu utilisant l'acide de Lewis comme réactif d'attaque a été proposée pour préparer des 
matériaux MXene multicouches. Différents MXenes ont été obtenues avec succès à partir de 
différentes phases MAX par une sélection minutieuse des précurseurs de phase MAX/sels de Lewis 
en tenant compte de deux paramètres : les potentiels d'oxydoréduction électrochimiques du couple 
d'oxydoréduction dans les halogénures fondus et l'énergie libre de Gibbs de la réaction d'attaque aux 
températures de réaction. Les terminaisons de surface du MXene MS-Ti3C2Tx nouvellement préparé 




étaient principalement des groupes -O et -Cl dans ces bains de synthèse sans fluor ; de plus, aucun 
groupe -OH n'a été trouvé, contrairement aux MXenes préparés en utilisant des solutions d'attaque 
aqueuses contenant du HF. Les performances électrochimiques du MS-Ti3C2Tx ont été évaluées dans 
des électrolytes non aqueux. La combinaison d'une signature électrochimique symétrique dans un 
électrolyte non aqueux contenant du Li-ion, ainsi que la haute capacité à forte vitesse de décharge 
et la faible plage de potentiel de fonctionnement (0.2-2.2 V vs Li+/Li) font que ce MXene Ti3C2 
préparé à partir de la voie de dérivation de sels fondus est pertinent comme électrode négative dans 
les dispositifs de stockage d'énergie électrochimique (batteries et condensateurs Li-ion). En 
conséquence, la voie générale de gravure acide de Lewis proposée ici élargit la gamme des 
précurseurs de phase MAX qui peuvent être utilisés pour préparer de nouveaux MXenes, et offre 
des possibilités sans précédent pour adapter la chimie de surface et par conséquent les propriétés des 
matériaux MXene. 
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This thesis aims at studying the electrochemical kinetics and charge storage mechanisms of 
two-dimensional Ti3C2Tx MXene electrodes in aqueous and non-aqueous electrolytes. In the first 
part of this thesis, the electrochemical behaviors of pseudocapacitive Ti3C2Tx MXene electrodes 
were analyzed in aqueous electrolytes using a multiple potential step chronoamperometry (MUSCA) 
technique specifically designed for this study. The MUSCA tool allows for building back cyclic 
voltammograms by minimizing ohmic drop contribution. The current can then be deconvoluted at 
any given potentials into surface and bulk contributions,especially at high scan rates. The calculated 
voltammograms are further used to achieve an electrochemical kinetic analysis of the Ti3C2Tx 
electrode; results showed that the surface process dominates at a higher scan rate while the bulk 
process takes over at the low scan rate in both acidic and alkaline electrolytes. Afterward, the charge 
storage mechanisms of the Ti3C2Tx electrodes in the acidic electrolyte was further studied by 
combining experimental and simulation approaches. It was demonstrated that the presence of H2O 
molecules in-between the MXene layers plays a critical role in the pseudocapacitive behavior, 
providing a pathway for proton transportation to activate the redox reaction of the Ti atoms. In the 
last part of the work, a new synthesis method of MXenes has been proposed from the etching of 
MAX phase precursors in Lewis acidic melts. This new method allows the synthesis of various 
MXenes, including from MAX phase precursors with A elements such as Si, Zn, and Ga which were 
difficult or impossible to prepare from conventional etching from HF containing aqueous electrolyte. 
Ti3C2Tx MXene material obtained through this molten salt synthesis method could achieve 
exceptional electrochemical performance in 1M LiPF6 carbonate-based electrolyte non-aqueous 
electrolytes, with capacity up to 738 C g-1 (205 mAh g-1) with high-rate performance and 
pseudocapacitive-like electrochemical signature, offering opportunities as the negative electrode in 








Cette thèse vise à comprendre et étudier la cinétique électrochimique et les mécanismes de 
stockage de charge de l'électrode Ti3C2Tx MXene dans les systèmes aqueux, et à augmenter 
davantage les performances électrochimiques du Ti3C2Tx MXene dans les systèmes non aqueux. 
Dans la première partie de cette thèse, les comportements électrochimiques des électrodes 
pseudocapacitives Ti3C2Tx MXene ont été analysés dans des électrolytes aqueux par une technique 
de chronoampérométrie à étapes potentielles multiples (MUSCA). Le MUSCA permet de 
reconstruire des voltammogrammes cycliques avec une contribution de la chute ohmique 
considérablement plus faible, ce qui permet de déconvoluer avec précision les réponses en courant 
du voltammogramme partagées entre les processus de surface et ceux se déroulant dans le cœur des 
électrodes à tout potentiel donné, en particulier à des vitesses de balayage élevées. Une analyse 
cinétique électrochimique de l'électrode Ti3C2Tx utilisant les voltammogrammes calculés grâce au 
MUSCA a montré que le processus de surface domine à une vitesse de balayage plus élevée tandis 
que le processus au cœur prend le relais à la vitesse de balayage faible dans les électrolytes acides 
et alcalins. Par la suite, les mécanismes de stockage des charges des électrodes Ti3C2Tx dans 
l'électrolyte acide ont été étudiés en combinant des approches expérimentales et de simulation. Il a 
été démontré que la présence de molécules de H2O entre les couches de MXene joue un rôle critique 
dans le comportement pseudocapacitif, fournissant une voie de transport de protons pour activer la 
réaction redox des atomes de Ti. Dans la deuxième partie de la thèse, une gravure des phases MAX 
dans des acides fondus de Lewis est proposée et validée par la synthèse de divers MXènes à partir 
des précurseurs de phase MAX non conventionnels avec des éléments A tels que Si, Zn et Ga. Le 
matériau Ti3C2Tx MXene obtenu par cette méthode de synthèse de sel fondu peut fournir une 
capacité de stockage allant jusqu'à 738 C g-1 (205 mAh g-1) avec des performances à haute vitesse 
de balayage et une signature électrochimique pseudo-capacitive dans l'électrolyte à base de 
carbonate LiPF6 1M. Ce matériau offre des opportunités en tant qu’'électrode négative dans les 
dispositifs de stockage d'énergie électrochimique. 
 
